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Abstract 
 
 
 
HISTORICAL TIDAL FOREST COMPOSITION AND CONTEMPORARY WOODY 
RECRUITMENT FOLLOWING DAM REMOVAL FROM A MID-ATLANTIC COASTAL 
PLAIN TIDAL FRESHWATER WETLAND 
 
By Richard Elvin Ward Jr. B.S. 
 
A thesis submitted in partial fulfillment of the requirements 
for the degree of Master of Science in Biology at Virginia 
Commonwealth University 
 
Virginia Commonwealth University 2014 
 
Major Director: Edward R. Crawford, Ph.D. Biology 
 
 
 
Tidal freshwater forest restoration after dam removal has 
been unexplored to date.  This study elucidated pre-dam forest 
composition, as well as post-dam edaphic and microtopographical 
attributes and woody species recruiting along a narrow ecotone 
of a 29.3-ha tidal freshwater wetland.  The ≈65-year-old 
historical forest (15 species, 200 stems ha-1) and ≈7-year-old 
contemporary forest (40 species and 11,009 stems ha-) community 
dominants were dissimilar (Fraxinus spp. vs. Liquidambar 
styraciflua, respectively).  Pre-dam environmental conditions 
were unknown.  Post-dam edaphic water content, organic matter, 
redox potential and microtopography differed significantly 
across tidal sites but were less variable in non-tidal sites.  
  
 
Shifts in the contemporary woody community composition and the 
concomitant increase in stem density and seedling:sapling ratios 
with elevation likely owed to significant changes in 
microtopography and edaphic attributes.  Developing ecotones 
that contain variable microtopography may be extremely important 
for successful natural woody recruitment after dam removal from 
a tidal freshwater system.
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Chapter 1 – Contemporary Woody Recruitment 
 
 
 
Introduction 
 
 
 
The contemporary estimate of wetland area remaining in the 
conterminous United States in 2009 was 44.6 million ha (110.1 
million acres), with 95% consisting of freshwater habitats, and 
less than half of that being comprised of freshwater forested 
wetlands (Dahl 2011).  Freshwater forested wetlands (i.e., 
riparian forests) are part of the floodplain ecosystem that 
includes bottomland hardwood forests and tidal freshwater 
forested wetlands (Middleton 1999a).  Even though no 
statistically significant change (i.e., gains ≈ losses) in 
overall freshwater wetland area was reported for the United 
States Atlantic Coast watersheds during 1998-2004 (Stedman and 
Dahl 2008), the estimated loss of 256,300 ha (633,100 acres) of 
freshwater forested wetland area between 2004 and 2009 in the 
conterminous United States was the greatest since 1985 (Dahl 
2011).  The majority of these freshwater forested habitats 
(≈158,950 ha; 392,600 acres) were lost to “deepwater” (i.e., 
lakes and reservoirs) (Dahl 2011), such as that formed by dam 
construction.   
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Damming has been considered one of the main anthropogenic 
mechanisms responsible for this fragmented state (Mitsch and 
Gosselink 2000; Doyle et al. 2007) and the primary mechanism of 
disturbance altering forested floodplain environments across the 
world (Shafroth et al. 2002).  Dams constructed on rivers and 
streams interrupt natural fluvial regimes, often eliminating 
faunal migration routes, alter species composition (Bednarek 
2001) and increase tree mortality (King et al. 2009).  In fact, 
nearly 60% of palustrine forests lost between 1982 and 1989 in 
Virginia alone was a result of damming (Tiner et al. 1994).  
Currently, 87,000 dams still block the natural flow of waters of 
the United States (USACE 2013) and have altered the hydrology of 
bottomland hardwood forests and tidal freshwater forested 
wetlands to such great extents that even if certain dams were 
removed the ecosystems may not return to an original, pre-dam 
state (Middleton 1999b; Doyle et al. 2005; Doyle et al. 2007).  
Nevertheless, dam removal is a growing trend as a restoration 
tool (Bednarek 2001) but many dams are removed for reasons other 
than to restore riparian forest communities. 
Even though new riparian habitats are a noted consequence 
of dam removal, the primary goal for over 73% of the 56 dams 
removed or scheduled to be removed in 2012 in the United States 
was to restore fish habitat/migration (American Rivers 2013).  
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Consequently, numerous successes have been reported when 
restoring previously blocked migratory pathways on tidal rivers 
for diadromous species (Robbins and Lewis 2008; Hitt et al. 
2012).  Successful reestablishment of riparian vegetation after 
dam removal, however, is amenable to interpretation due to the 
level of environmental variability between sites (e.g., see Orr 
and Stanley 2006), disparities existing between the recovery 
rates of different ecosystems (Doyle et al. 2005) and a simple 
lack of data in the context of riparian forest recovery.  Other 
than the Elwha River project in Washington State, which is 
considered the largest dam removal venture on a tidal system in 
the United States (Cook et al. 2011)(results still pending), no 
post-dam removal (PDR) research to date has been reported for a 
tidal freshwater system in the Mid-Atlantic Region.  Until now 
data sets elucidating PDR riparian vegetation dynamics have been 
restricted to either pre-dam-removal environmental assessments 
aimed at estimating PDR effects (Shafroth et al. 2002; Cook et 
al. 2011), surveys of PDR riparian vegetation in non-tidal 
fluvial systems (Lenhart 2000; Orr and Stanley 2006) or short-
lived vegetation recolonizing during the temporary drawdown of 
reservoirs (DeBerry and Perry 2005; Auble et al. 2007; Howard 
and Wells 2009).   
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Orr and Stanley (2006) performed an extensive investigation 
of PDR natural revegetation dynamics throughout dam removal 
sites in Wisconsin.  Surveys of thirteen sites found that 
species richness varied over 81% between the sites differing 
only one year since dam removal.  Site age, however, was a weak 
predictor of community composition even though estimated species 
richness increased significantly with time since dam removal 
(Orr and Stanley 2006).  Older sites also had a higher frequency 
of tree species but the dominate canopy layer species differed 
between sites (Orr and Stanley 2006).  Such vegetation dynamics 
appeared to be site-specific (Orr and Stanley 2006) but the 
abiotic drivers could not be adequately determined. 
When considering the temporary drawdown of reservoirs, a 
suspected driver of natural revegetation has been the change in 
hydrology across an elevation gradient (i.e., hydrogeomorphism) 
(DeBerry and Perry 2005; Auble et al. 2007; Howard and Wells 
2009).  During the 4-year systematic drawdown of a Colorado 
reservoir, hydrogeomorphic shifts from mesic to more xeric soil 
conditions across an elevation gradient owed to shifts in the 
functional traits of plant communities (Auble et al. 2007).  
Initial assemblages of obligate and facultative wetland species 
were replaced by facultative upland and upland species as the 
hydrology gradually receded downslope (Auble et al. 2007).  
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Community assemblages appeared to be a function of reservoir 
drawdown timing (Auble et al. 2007), yet the question remains as 
to whether subsequent drawdowns after refilling reservoirs would 
generate similar plant community responses.  Although not 
considered in the previous examples, determining soil properties 
(e.g., organic matter content, redox potential) and topographic 
variability (i.e., microtopography) along elevation gradients 
may further elucidate natural revegetation patterns more 
applicable to actual dam removal scenarios, specifically from 
tidal systems.  Thus, data more applicable to such a system may 
be found in the emerging body of research in tidal freshwater 
forested wetlands (swamps) (Conner et al. 2007a; Duberstein and 
Conner 2009; Courtwright and Findlay 2011; Craft 2012; Anderson 
et al. 2013; Duberstein et al. 2013).   
Tidal freshwater swamps (TFSs) are considered distinct from 
bottomland hardwood forests environments by being spatially 
separated by elevation and hydrologic periodicity (Day et al. 
2007) and composed of woody species with unique flood-tolerance 
traits (Duberstein et al. 2013).  Juxtaposed to estuarine and 
riverine systems, the interaction of tidal and fluvial hydrology 
and geographic contours provide for unique edaphic 
characteristics (Seybold et al. 2002; Anderson and Lockaby 
2007), seed dispersal patterns (Schneider and Sharitz 1988; 
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Middleton 2000) and overall biotic composition in TFSs 
(Rheinhardt and Hershner 1992).   
One of the more widely accepted hypotheses in the context 
of TFSs is that the interplay of hydrology and minute changes in 
topography (microtopography) may influence myriad vegetation 
patterns such as resource partitioning between different forest 
layers (Rheinhardt 1992a), the formation of distinct plant 
communities in backswamps (Duberstein and Kitchens 2007) and an 
increase in species richness with elevation (Duberstein and 
Conner 2009; Courtwright and Findlay 2011).  Microtopography and 
hydrologic characteristics in soils Species distribution 
differing across small spatial scales in a Virginia swamp 
(Pamunkey River) was considered the interactive response of 
plant functional traits to microtopography, soil hydrology, and 
other key edaphic characteristics (Rheinhardt 1992a).  Stem 
density has also been observed shown to increase on higher 
microtopographic sites (Courtwright and Findlay 2011) but woody 
stem density decreases and basal area increases in non-tidal 
sections of tidal rivers (Anderson et al. 2013).  If any of 
these trends relate to a tidal freshwater system after dam 
removal the question remains whether they can be applied to a 
restoration scenario. 
 7 
 
Until now, TFS restoration after dam removal was extremely 
rare in the Mid-Atlantic Coastal Plain, and as such has raised 
several questions; 1) how analogous are PDR vegetation patterns 
and abiotic drivers to other tidal freshwater wetlands and dam-
removal scenarios; 2) if swamp afforestation prevails, how 
closely will it mimic historical forest diversity and 
distribution; and 3) what microtopographical and soil 
physiochemical features afford woody species the best 
opportunity to recolonize a tidal freshwater wetland after dam 
removal?  In order to answer these questions, the objective of 
this study was to elucidate woody recruitment and distribution 
patterns occurring in a restored, post-dam tidal freshwater 
wetland tributary of the James River.  The wetland was 
previously a TFS but was deforested and converted to a 
reservoir.  It was hypothesized that patterns in woody species 
recruitment and distribution observed in a narrow ecotone 
between the emergent marsh and upland forest community was in 
response to changes in microtopography and edaphic 
characteristics. 
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Materials and Methods 
 
 
 
Site Description 
 
 
 
Located in Virginia’s Inner Coastal Plain (USACE 2010a), 
the field site (hereafter referred to as Kimages Creek wetland 
[KCW]) is part of Virginia Commonwealth University’s (VCU) Rice 
Rivers Center located in Charles City County, Virginia (Fig. 1).   
 
 
Fig.1  Satellite imagery: Kimages Creek wetland study site. 
(Google® earth 2013). 
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Flanked by an elevated upland forest, KCW was characterized as a 
mixed-tidal freshwater tributary of the James River Estuary 
wherein ≈28 hectares were undergoing natural and designed 
restoration after dam removal.  The namesake second-order stream 
and at least three groundwater aquifers contributed to an 
observed daily watershed input ranging from 700 to 7000 m3 d−1 
(Bukaveckas and Wood 2014).  One aquifer had substantial enough 
flow to create a ≈500-m sub-tributary (i.e., the “southeast 
arm”) intersecting about midway on the wetland’s eastern 
boundary.  The majority of the wetland was permanently saturated 
and influenced by semidiurnal tides with observed inputs ranging 
from 1500-70000 m3 d−1 (Bukaveckas and Wood 2014).  Tidal areas 
were dominated by Typha angustifolia, whereas non-tidal 
vegetation consisted mainly of grass and shrub species.  The 
wetland also featured flat topographic relief relative to the 
wetland’s perimeter where topography gradually sloped upward 
toward the former lake scarp line.  
Prior to this ecosystem state ca. 1862, Federal Civil War 
troops strategically deforested and burned the majority of the 
tidal and upland forests of Kimages Creek (Egghart 2009).  The 
site was abandoned after the Civil War and presumably allowed to 
naturally regenerate, until 1927 when the Berkley Hunt Club 
deforested the bottomland in preparation for dam construction at 
the confluence on the James River (Egghart 2009).  Once 
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completed, the earthen dam terminated tidal communication and a 
shallow freshwater impoundment (Lake Charles) formed as Kimages 
Creek fed from the North.  
Significant rain events in October 2006 prompted a partial 
dam breach that reduced lake surface area by 33% (Wood 2009).  
This event subsequently exposed an indeterminate amount of 
previously submerged substrate in the non-tidal area and along 
the wetland’s perimeter.  Natural erosion processes and 
increasing tidal communication widened the breach resulting in a 
gradual ≈3 ½-yr. drawdown period (undetermined hydrologic rate).  
In 2010, VCU and community partner The Nature Conservancy 
engineered a partial dam removal at the historical stream 
channel which reestablished tidal communication with the James 
River Estuary.  During the study period, spring high tide 
encroachment varied along the marsh-upland ecotone but was never 
observed reaching the lake scarp line elevation (SLE). 
 
 
Contemporary Woody Vegetation Plot Survey 
 
Repeatable rectangular vegetation plots were established 
approximately every 100 m (n = 33) along the marsh-upland 
ecotone (Fig. 2).  Temporary markers were installed to indicate 
the beginning of each plot and geospatial coordinates were 
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obtained for each plot corner using a Trimble® 6000 GPS 
receiver.  All plots were established 20 m parallel and 15 m 
perpendicular to the lake scarp line.  Each plot was divided 
into 4 quadrats (5 m parallel x 15 m perpendicular), and each 
 
Fig.2  Satellite imagery: contemporary vegetation survey plot 
placement.  Plots (n = 33) were located along the marsh-upland 
ecotone of Kimages Creek wetland and the estimated hydrologic 
extent of tidal flux (dark red line). Non-tidal plots (n = 11) 
and Tidal plots (n = 22) appear North and South of the dashed 
yellow line, respectively. 
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quadrat was further divided into 15 sub-quadrats (1 m 
perpendicular x 5 m parallel).  Woody vegetation classified in 
each sub-quadrat as a shrub, seedling, sapling or tree was 
enumerated and identified to either genus or species; whereas, 
woody vine data were only recorded as species occurrences.  
Diameter (cm) at breast height (DBH) was recorded for each 
sapling (> 1-m in height; < 10-cm DBH), tree (≥ 10-cm DBH) and 
mean DBH was used for multiple–stemmed plants.  Tree species 
less than 1 m tall were considered seedlings.  Growth form type 
and species identification was determined using Flora of 
Virginia© (Weakley et al. 2012).  The wetland indicator status 
(WIS) for observed species was set according to Atlantic and 
Gulf Coastal Plain plant WIS ratings listed the 2014 National 
Wetland Plant List (Lichvar et al. 2014) as determined by WIS 
ratings protocol (Table 1; Appendix 1) (Lichvar and Gillrich 
2011). 
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Microtopography Survey 
 
Using a hand-held clinometer, a percent-slope (%-slope) 
datum was obtained at nine points (Pi) in each vegetation plot 
along three lines of sight (right edge, center, left edge) at 
three perpendicular distances (5 m, 10 m, 15 m) from SLE.  These 
distance values represented the furthest perpendicular distance 
from SLE for each of three elevation classes (High [5 m]; Mid 
[10 m]; Low [15 m]).  The elevation above mean sea level (MSL) 
at SLE (represented as point A) was a previously determined 
lake-level elevation of 2.44 m > MSL.  The perpendicular 
distance from A to each point Pi was represented by line ABi.  
Each %-slope datum was converted to angle degrees (b°) as given 
by  
b° = tan‒1(%-slope/100). 
Vertical distance values in each elevation class (represented as 
line CiBi) from each point Pi to elevation A was determined by 
CiBi = ABi (sin[b°]). 
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Finally, three substrate elevations (Xji) (m > MSL) at point Pi 
in each elevation class were determined by subtracting vertical 
distance (CiBi) from elevation A as given by 
Xji = 2.4384 m − CiBi . 
These data were then used to quantify changes in substrate 
elevations (Xji) across High, Mid and Low elevations to serve as 
a proxy for microtopographic heterogeneity along the marsh-
upland ecotone.  Calculating the mean percent-change in 
elevation (%∆Ej) from the three substrate elevations (Xji) in 
each elevation class quantified the %∆E from SLE to High, High 
to Mid and Mid to Low. 
 
Target Species Survey 
 
Morphometric [plant height (cm); DBH (cm)] and spatial data 
[distance to SLE (m); microtopographic relief (%-slope) from 
trunk base to SLE] were recorded for individual observations of 
target-species Taxodium distichum L. (Rich.) (bald cypress) 
distributed throughout the marsh-upland ecotone (in and outside 
of vegetation plots).  These data were used to elucidate prime 
recruitment sites for bald cypress in KCW and possibly 
facilitate future plantings of the species.  
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Edaphic Characteristics Survey 
 
All soil collections were completed in 10 days (between 
07/23/2013 and 08/10/2013), with collection time limited to 2 
hours before and after an estimated low tide in an effort to 
minimize soil water content variability.  Using a 6-cm diameter 
sediment corer, 3 random soil cores were extracted at a maximum 
depth of 20 cm from each elevation class (High, Mid and Low) of 
the 33 vegetation plots (n = 297).  Immediately after extracting 
each core, soil samples were obtained from the bottom 5 cm of 
each 20 cm core and analyzed for soil redox potential (mV), pH 
and temperature (°C) using a Hanna® HI 98121 handheld analyzer.  
Samples were bagged and iced packed for transport to the lab 
where they were kept frozen (-20 °C) until future analyses.  
Relative soil water content (%GWC) was determined 
gravimetrically (70 °C for 24 hours) (Topp and Ferré 2002) and 
relative soil organic matter (%OM) was determined by combustion 
(500 °C for 4 hours) (Allen et al. 1986).  A C:N analysis 
performed on a Perkin Elmer CHN Analyzer was done on a random 
subset of soil samples (n = 99) that were selected from the 
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original sample set via a randomization scheme using SAS® 
version 9.3a (SAS®, Cary, North Carolina, USA). 
 
Calculations and Statistical Analyses 
 
Edaphic and contemporary-vegetation survey data recorded in 
each elevation class (high [SLE – 5m], mid [5 – 10 m] and low 
[10 – 15 m]) were considered as a ‘whole-site’ data set (n = 
33), as well as ‘tidal’ (n = 22) or ‘non-tidal’ (n = 11) data.  
Data partitioning with respect to tidal regime depended on the 
aerial position of plots with respect to the tidal-extent 
delineation line as demarcated by The Nature Conservancy 
personnel (Fig. 2).  Notations used for tidal (T) and non-tidal 
(NT) combined with elevation class follow hereafter (e.g., T-
high = tidal high; NT-low = non-tidal low).   
Seedling and sapling importance values (IVs) were based on 
species’ relative frequency (RF) of occurrence and relative 
density (RD) per elevation class per plot.  The number of 
subplot occurrences relative to the whole plot occurrences 
determined a species’ RF (Grell et al. 2005).  A species’ RF per 
elevation was the fraction of single occurrences at each %-slope 
measurement in each elevation class (i.e., maximum of 3 
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occurrences per species per elevation class).  Theoretic species 
diversity indices (H’) were estimated for elevation classes in 
terms of whole-site and tidal regime (j) using the Shannon 
diversity index 
𝐻𝑗
′ = −�𝑝𝑖 ln𝑝𝑖 
where pi is the proportion of species i out of the total number 
of individuals observed in each elevation class.  Levene’s and 
Shapiro-Wilks tests were used to test for equal variances and 
normality, respectively (Grell et al. 2005).  In order to 
satisfy statistical assumptions, data exhibiting 
heteroscedasticity were transformed using either log10, square 
root or arcsine-square root methods to achieve normality.  
Kruskal-Wallis tests were run on data lacking homogeneity and 
normality and multiple comparisons between the group-level means 
using Bonferroni corrections (α = 0.0167).  One-way ANOVAs and 
Tukey post-hoc multiple comparisons were used on normal data 
sets to test for significant differences (p < 0.05) between the 
means of the three elevation classes.  Soil temperature (°C) 
data were not used in any analyses due to non-significant 
differences between means.  Backward, step-wise multiple 
regression analyses were used to test which environmental 
variables %ΔE, %GWC, %OM, %N, %C, pH, and mV significantly 
predicted stem densities and species richness for whole-site and 
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each tidal regime.  Only those models with predictor variable p-
values < 0.05 and adjusted-R2 values ≥ 0.25 were reported. 
 
Ordinations 
 
Ordinations using canonical correspondence analysis (CCA) 
were performed on stem abundance in tidal and non-tidal sites 
based on two parameters; 1) the top five trees and one shrub 
species based on importance value; and 2) wetland indicator 
status (WIS).  Stem densities were calculated for each WIS class 
after classifying species as either upland (UPL), facultative-
upland (FACU), facultative (FAC), facultative-wetland (FACW) or 
obligate-wetland (OBL) (USDA 2014).  The CCA was chosen because 
of its robustness when dealing with non-normal environmental 
data and rare species and is increasingly applicable for myriad 
ecosystems (Ramette 2007).  The location of a species point with 
respect to environmental variables (represented by lines) and 
elevation class subplots represents the weighted average of 
where the given species appears with respect to other species 
and within its niche, while the direction of a line and its 
position relative to the axes represents the correlation with 
the axes and elevation classes (Ter Braak and Verdonschot 1995).  
Final eigenvalues and %-variances were used to estimate to what 
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degree the gradient in abundances could be explained by the 
gradients in environmental variables.  Only data for plots with 
species occurrences greater than one and environmental variables 
determined to be significant via multiple regression analyses 
were used in the ordinations using 250 permutations.  All 
statistical analyses were run using PAST Version 3.0 (Hammer 
2013). 
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Results 
 
 
 
Microtopographical Characteristics 
 
 
 
Mean elevations (m) above mean sea level (E > MSL) for 
High, Mid and Low subplots for tidal sites were 2.10 m, 1.99 m 
and 1.95 m, respectively, and for non-tidal sites were 2.25 m, 
2.16 m and 2.10 m, respectively (Table 2; Appendix 1).  The mean  
 
Fig.3  Mean relative change in elevation (%∆E) across tidal and 
non-tidal subplots. Capital and lower case letters represent 
separate ANOVAs for tidal and non-tidal sites, respectively. 
Similar letters indicate no significant difference (p ≥ 0.05) 
between means and error bars are ± one standard error of the 
mean. The average elevation above mean sea-level (m > MSL) is in 
terms of mean whole-site elevation for each elevation class.  
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relative change in elevation (%∆E) differed significantly across 
all tidal elevation classes (F2,63 = 53.95, p <0.0001), but not 
across non-tidal plots (p = 0.0594) (Fig. 3).  The greatest %∆E  
occurred in T-high subplots (-13.69%), followed by T-mid (-
5.49%) and T-low (-2.14%) (Table 2; Appendix 1).  Tidal-high 
subplots were also on average 33-cm lower than the adjacent 
upland terrain compared to NT-high subplots (−19 cm), and the 
overall elevation of the tidal area was ≈15 cm lower than the 
non-tidal area.  However, mean elevation actually increased from 
Mid to Low elevations in nearly 32% and 27% of the tidal and 
non-tidal plots, respectively.  Despite these numerical 
differences the %∆E was statistically similar between tidal and 
non-tidal plots (p = 0.0738).   
 
Edaphic Characteristics 
 
Soil matrix characteristics (background color) as 
determined by Munsell Soil Color Charts varied highly between 
study plots; however, 70% of all soil samples had chroma values 
of 2 or less, indicating hydric soil characteristics per Mitsch 
and Gosselink (2000) (Table 3; Appendix 1).  Nearly 60% of soils 
in High-elevation subplots were not considered hydric by this 
standard as soil matrices were mainly ‘yellowish-brown’ (10YR 
5/6) to ‘brown’ (10YR 4/3) (Munsell 2000); whereas, nearly 74% 
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of Mid-elevation soils and 96% of Low-elevation soils were 
evaluated as hydric.  Notably, Gleyed soils were observed only 
in Mid and Low elevations (4 plots; n = 13 samples) but not in 
High elevations.  Soil texture was not assessed in the field for 
every sample; however, the majority of soils extracted from Low 
and Mid elevation subplots were a mucky texture, with many 
featuring either oxidized rhizospheres if samples contained root 
fibers (usually Low elevations) or redoximorphic features, iron 
masses and/or iron depletions in peds (mainly Mid elevations). 
 
Fig.4  Tidal (T) and non-tidal (NT) mean percent gravimetric 
water content (%GWC) and organic matter (%OM) across elevation 
classes High, Mid and Low.  Mean High T-%GWC (*), mean High T-
%OM (**) and mean High NT-%GWC (***) differed significantly from 
that in corresponding Mid and Low elevations.  There was no 
significant difference in NT-%OM. Error bars represent ± one 
standard error of the mean. 
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There was significantly less soil saturation (%GWC) in T-
high and NT-high elevations (𝑋22 = 44.55, p < 0.0001 and F2,30 = 
9.03, p = 0.0009, respectively) versus the respective Mid and 
Low elevations; however, %GWC in Mid and Low elevations for both 
hydrologic regimes were similar (Fig. 4).  Mean percent soil 
organic matter (%OM) was also significantly lower in T-high 
subplots versus that in Mid and Low subplots (𝑋22 = 41.72, both p < 
0.0001), whereas %OM did not differ across non-tidal plots (Fig. 
4).  Mean soil pH also did not differ across non-tidal plots  
 
Fig.5  Mean soil redox potential (mV) for each elevation class. 
Capital and lower case letters represent separate ANOVAs for 
tidal and non-tidal sites, respectively. Similar letters 
indicate no significant difference (p ≥ 0.05) between means and 
error bars are ± one standard error of the mean. 
 
(NT-high 5.59±0.44; NT-mid 5.99±0.52; NT-low 6.15±.59; F2,30 = 
1.54, p = 0.2312) and was only significantly different between 
T-high (6.36±0.21) and T-low (6.88 ± 0.26) (F2,63 = 4.86, p = 
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0.0100).Soil redox potential (mV) was significantly different 
across all tidal elevation classes (𝑋22 = 47.83, all p < 0.0001), 
but only NT-high subplots differed significantly from redox 
potential in NT- mid and NT-low subplots (𝑋22 = 10.99, p = 0.0453 
and p = 0.0076, respectively) (Fig 5).  Non-tidal plots 
exhibited no significant difference in either %C or %N across 
all elevations; however, both variables were significantly lower 
in T-high subplots compared to T-mid and T-low subplots (%C: 
𝑋2
2 = 30.00, all p < 0.0001; %N: 𝑋22 = 36.93, all p < 0.0001) (Table 
2; Appendix 1).  There was no significant difference in %C and 
%N between tidal and non-tidal plots despite numerical 
differences across hydrologic regimes.  Soil temperature (°C) 
data were not used in the analyses due to no significant 
differences between plots and subplots (data not shown). 
 
Contemporary Woody Vegetation Trends 
 
A total of 40 woody species (25 tree; 7 shrub; 8 vine) were 
identified and 11,009 stems enumerated across the entire study 
site during the growing season (Table 4; Appendix 1).  The total 
area surveyed was 9900-m2 with a mean 334 stems observed per 
plot, equating to 11,120 stems ha−1 (Table 5; Appendix 1).  Only 
tree and shrub species were considered in the ‘all-stem’ density 
data due to difficulties when enumerating individual vine 
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plants.  Also, excluded from all-stem density data were 
seedlings of river birch (Betula nigra L.) (n = 3) and bald 
cypress (Taxodium distichum L.) (n = 12) and saplings of river 
birch (n = 5), American sycamore (Platanus occidentalis L.) (n = 
1) and swamp basket oak (Quercus michauxii Nutt.) (n = 4); all 
of which were all manually re-introduced prior to the study on 
the southwestern corner of KCW (Plot #32).  In terms of whole-
site data, ≈248 seedlings, 69 saplings and 18 shrubs were 
observed per plot, and a total of 11 trees (DBH ≥10.0 cm) were 
recorded across all plots.  Seedlings, saplings and shrubs 
comprised over 74%, exactly 20% and over 5% of the all-stem 
density, respectively.  There was a consistent decrease in 
whole-site stem density from high to low elevations across the 
entire study area.  Despite these disparities, all plots were 
statistically similar in terms of whole-site stem density.   
Stem densities also varied between hydrologic regimes.  Stems 
per hectare in tidal plots outnumbered those in non-tidal (12855 
vs. 7652) with >74% of seedlings and >85% of saplings occurring 
in tidal plots.  Tidal-plot seedlings outnumbered those in non-
tidal plots nearly 3:1; however, the seedling:sapling ratio in 
non-tidal plots was over twice that in tidal plots (6.7:1 vs. 
3.2:1).  Tidal and non-tidal plots were significantly different 
with regard to sapling density (p < 0.0001) but similar in terms 
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of all-stem and seedling densities due to outlier density values 
in several subplots.   
 
 
Fig.6  Mean seedling density (a) and sapling density (b) in each 
elevation class. Capital and lower case letters represent 
separate ANOVAs for tidal and non-tidal sites, respectively. 
Similar letters indicate no significant difference (p ≥ 0.05) 
between means and error bars are ± one standard error of the 
mean. 
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In tidal plots, mean seedling, sapling and all-stem 
densities differed significantly across the three elevation 
classes with the greatest density of stems occurring at high 
elevations and consistently decreasing toward lower elevations 
(Fig. 6).  When comparing seedling and sapling abundance across  
elevation classes, seedling abundance in Low subplots were 
similar to sapling abundance in Mid subplots and seedling 
abundance in Mid subplots were similar to sapling abundance in 
the High subplots.  In non-tidal plots, however, sapling 
densities were similar across all elevation classes, whereas 
seedling densities only differed between High and Low subplots 
(p = 0.0261) (Fig. 6).  
The Shannon diversity index (H’) for all-stems per plot was 
slightly higher in tidal sites (1.81) compared to non-tidal 
(1.72) sites, mainly due to the higher species richness 
estimated in former (Tables 5).  In terms of growth form, 
greater seedling diversity estimated for the High elevations of 
tidal and non-tidal sites was followed by a decrease in 
diversity from Mid to Low elevations.  Sapling diversity, on the 
other hand, remained constant from High to Mid elevations in 
tidal sites, mainly due to the slight increase in evenness and 
decrease in richness.  In non-tidal sites, sapling diversity, 
richness and evenness increased across the same gradient.  
Further, seedling and sapling diversity, richness and evenness 
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in non-tidal Low elevations were very similar to those estimated 
for tidal Low elevations (Table 5).  The highest number of 
species observed in any one subplot was 26 (T-high, Plot #30), 
wherein 18 tree species occurred.  No tree or shrubs occurred in 
7 total subplots (2 subplots in Mid elevations; 5 subplots in 
Low elevations).   
The dominant shrub species wax myrtle (Morella cerifera L.; 
n = 450) occurred in nearly 70% of the plots with >82% of stems 
in high elevations.  The obligate-wetland shrub Buttonbush 
(Cephalanthus occidentalis L.; n = 64) occurred in >57% of the 
plots but its stem density was more evenly distributed across 
the elevation classes.  Other shrubs such as fetterbush lyonia 
(Lyonia lucida (Lam.) K. Koch; n = 4) and highbush blueberry 
(Vaccinium corymbosum L.; n = 13) occurred strictly in higher 
elevations.  Stiff dogwood (Cornus foemina Mill.; n = 6), 
Chinese privet (Ligustrum sinens Lour.; n = 30) and deerberry 
(Vaccinium stamineum L.; n = 30) were only observed in tidal 
plots.  Hazel alder (Alnus serrulata (Aiton) Willd.; n = 133) 
for the purposes of this study was considered a tree.   
Twenty-five tree species accounted for over 94% of the 
whole-site stem density but only six species had >5% relative 
density (Table 4).  Sweetgum (Liquidambar styraciflua L.; n = 
3583) occurred in all plots and comprised >34% of the all-stem 
density in tidal plots and 27% of non-tidal stems.  The common 
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persimmon (Diospyros virginiana L.) was the only other species 
that occurred at least once in each plot; however, whole-site 
relative density was just over 3%.  Sweetgum stems occurred in 
81% of tidal plots with stems occurring primarily in High (>71%) 
as opposed to Low (≈3%) subplots.  Likewise, sweetgum seedling 
density was highest in T-high subplots (n = 1463); whereas, 
sweetgum sapling densities were lowest in T-low and NT-low 
subplots (n = 8; n = 38, respectively).  Overall, sweetgum 
seedlings outnumbered its saplings 2.5:1.  Four of the 11 trees 
(DBH ≥10.0 cm) observed were sweetgum with 2 trees each 
occurring in T-high and T-mid subplots.   
The next five most dominant species in terms of relative 
density were red maple (Acer rubrum L.; n = 1264), black willow 
(Salix nigra L.; n = 1043), loblolly pine (Pinus taeda L.; n = 
872), white oak (Quercus alba L.; n = 657) and swamp basket oak 
(n = 606).  Red maple comprised only 11.5% of the whole-site 
all-stem density; however, it was the most evenly distributed 
species across the three elevation classes (High n = 490; Mid n 
= 452; Low n =322).  Nine tree species had no sapling 
occurrences, and seedlings of the remaining species outnumbered 
their respective saplings except one – American sycamore 
saplings outnumbered its seedlings by 60%.   
Tree species’ rankings by importance values (IV) (IV = relative 
frequency of occurrence [RF] + relative density [RD]) were 
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relatively similar between tidal and non-tidal plots, therefore, 
only one graph (tidal IV) was shown for this metric (Fig. 7).  
Sweetgum had the highest IV of all species in tidal and non-
tidal plots (3.12 & 3.01), as well as the highest IV in high and 
mid elevation classes.  In low elevations, however, sweetgum was 
outranked by black willow and red maple in both tidal and non-
tidal plots.  The only difference in species’ overall IV 
rankings between hydrologic regimes, loblolly pine outranked 
black willow in non-tidal plots, probably due to the fact that 
black willow did not occur in NT-high subplots. 
 
Fig.7  Shifting importance values for the top five tree and one 
shrub species across three tidal elevation classes. Rankings 
were determined by whole-site importance values (in 
parentheses). Species names are abbreviated as follows; A. 
rubrum (ACRU), D. virginiana (DIVI), L. styraciflua (LIST), M. 
cerifera (MOCE), P. taeda (PITA) and S. nigra (SANI). Sweetgum-
red maple communities dominated High- and Mid-elevation classes, 
whereas Black willow-red maple dominated the Low-elevation 
class. Sweetgum was the dominate species in terms of whole-site 
importance value. 
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Target Species Trends 
 
A total of 62 bald cypress occurred along the marsh-upland 
ecotone with 40 of these individuals occurring in survey plots.  
Regardless of height, DBH was recorded for all individuals and 
ranged from 0.20 cm to 4.70 cm, with a mean of 1.55 cm.  Height 
ranged from 0.01 m (coppice) to 4.60 m, with a mean height of 
1.71 m.  The tallest tree observed (4.60 m) had a DBH of only 
3.90 cm.  The ages of bald cypress were not determined; however, 
a 3-cm DBH dead stem near plot 15 was extracted from one 
individual (with coppice) and growth analysis determined tree 
age was approximated at 6-years.  Bald cypress recruitment was 
more prevalent throughout the mid-elevation range (>5 m to 10 m 
from SLE) with 48% relative density, followed by 45% relative 
density in the high-elevation range (≤5 m from SLE).  The only 
individuals to occur in the low-elevation range (>10 from SLE) 
were seedlings (n = 4; mean height 1.60-m; mean DBH 0.75-cm).  
On average, bald cypress recruiting in the mid-elevation range 
were 29.3 cm lower in elevation than those occurring in high 
elevations; however, low-elevation recruitment was on average 
>6.2 cm higher than mid-elevation recruitment.  Also, 
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individuals recruiting in the mid-elevation range had a larger 
mean DBH (2.07-cm) than those recruiting in either low (DBH = 
0.65-cm) or high (DBH = 1.02-cm) elevations. 
 
Correlations 
 
There were significant correlations between all abiotic 
variables measured and vegetation-related data with regard to 
tidal plots (Table 6; Appendix 1).  In non-tidal plots, however, 
species richness was significantly correlated only with %∆E, mV 
and %GWC; whereas, “all-stem” and seedling densities were only 
correlated with %∆E and mV.  Significant negative correlations 
between tidal species richness (T-spp) and %∆E (−0.76), %GWC 
(−0.73), %OM (−0.70) and a positive correlation with mV (0.77) 
were the largest correlation values of all tidal plot variables.  
Significant correlations were also evident between abiotic 
variables %∆E, %GWC, %OM and mV (all p <0.0001).  For example, 
second-order regression comparing %OM against %GWC in tidal 
plots resulted in R2 = 0.93 (Fig. 8) and R2 = 0.83 for non-tidal 
plots (not shown).  
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 Fig.8  Second-order regression model for soil water content 
(%GWC) and organic matter (%OM) illustrating a strong positive 
relationship (R2 = 0.93; p < 0.0001) across tidal subplots. 
 
 
Multiple Regression Analyses 
 
A backwards, step-wise multiple regression (MR) method was 
used to determine what percentage of variability in species 
richness and stem densities (seedling, sapling, all-stem) across 
elevation classes could be explained by microtopographic and 
edaphic characteristics in tidal and non-tidal plots (Table 7; 
Appendix 1).  Linear and polynomial regressions were also used 
to examine the relationship between key abiotic drivers (%GWC, 
%OM, mV, %∆E).   
Very little variability in seedling and sapling densities 
across elevation gradients was explained by the abiotic 
 34 
 
variables.  In fact, no abiotic variables were significant in 
explaining the variability in seedling and sapling densities 
across non-tidal plots, and only 16% (adj. R2 = 0.16, p = 0.0258) 
of the variability in non-tidal “all-stem” stems was explained 
by %GWC and %OM.  Regarding tidal plots, %GWC was only 
significant in explaining 32% and 36% of the variability in 
sapling densities (adj. R2 = 0.32, p <0.0001) and seedling 
densities (adj. R2 = 0.36, p <0.0001); whereas, 43% of the 
variability in tidal all-stem density (adj. R2 = 0.43, p <0.0001) 
was best explained by both %GWC (R2 = 0.41, p = 0.0001) and %OM 
(R2 = 0.30, p = 0.0434).   
In terms of species richness across tidal plots, 70% of the 
variability (adj. R2 = 0.70, p <0.0001) could be explained by mV 
(R2 = 0.64, p = 0.0381), %GWC (R2 = 0.61, p = 0.0172) and %∆E (R2 
= 0.56, p = 0.0062).  In non-tidal plots, however, only 44% of 
the variability in species richness was explained by the same 
abiotic variables (adj. R2 = 0.44, p = 0.0002).   
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Canonical Correspondence Analyses 
 
The CCA ordinations for the top five tree and one shrub species 
and environmental variables mV, %∆E, %GWC and %OM were conducted 
for each hydrologic class.  The CCA ordination for tidal plots 
was significant for 2 axes after 250 permutations (axis 1: p = 
0.0099; axis 2: p = 0.0198) with an overall eigenvalue of 0.44 
(p = 0.0099).  The eigenvalue for axis 1 (0.39) suggested that 
86.7% of the species’ abundance patterns associated with axis 1 
and 12.7% associated with axis 2 (eigenvalue 0.06) were 
predicted by the four environmental variables (Fig. 9). 
The CCA ordination conducted for the top five tree and one 
shrub species and environmental variables mV, %∆E, %GWC and %OM  
in non-tidal plots was significant for only one axis after 250 
permutations (axis 1; p = 0.0066) with an overall eigenvalue of 
0.55.  The eigenvalue for axis 1 (0.49) suggested that 88.8% of 
the species’ abundance patterns associated with axis 1 was 
predicted by three environmental variables (mV, %GWC and %OM) 
(Fig. 10).   
The CCA ordination for the abundance of stems per species’ 
WIS and the environmental variables mV, %∆E, %GWC and %OM were 
conducted for each hydrologic class.  The ordination for non- 
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Fig. 9  CCA ordination comparing the abundance and distribution 
of five tree species and one shrub species in tidal subplots 
with gradients in the environmental variables. The species-
conditional ordination illustrates that 86.7% (axis 1) and 12.4% 
(axis 2) of the variation in abundance and distribution of the 
top five tree and one shrub species in tidal subplots is 
explained by the gradients (represented by arrows) of four 
environmental variables (mV [soil redox potential]; %GWC [soil 
water content]; %OM [soil organic matter]; %∆E (mean relative 
change in elevation). Species (black dots) of A. rubrum (ACRU), 
D. virginiana (DIVI), L. styraciflua (LIST), M. cerifera (MOCE), 
P. taeda (PITA) and S. nigra (SANI) were ranked based on whole-
site importance values and the positioning of each species was 
determined from weighted averages of site abundance across three 
elevation class subplots, High (squares), Mid (triangles) and 
Low (crosses). 
 
tidal plots was non-significant, thus was not reported.  The CCA 
ordination for tidal plots was significant for 1 axis after 250 
permutations (p = 0.0099) with an overall eigenvalue of 0.27 (p 
= 0.0099).  The eigenvalue for axis 1 (0.24) suggested that  
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 Fig.10  CCA ordination comparing the abundance and distribution 
of five tree species and one shrub species in non-tidal sub-
plots with gradients in the environmental variables. The 
species-conditional ordination illustrates that 88.8% (axis 1) 
and 9.1% (axis 2) of the variation in the abundance and 
distribution of top five tree and one shrub species in non-tidal 
subplots is explained by the gradients (represented by arrows) 
of four environmental variables (mV [soil redox potential]; %GWC 
[soil water content]; %OM [soil organic matter]; %∆E (mean 
relative change in elevation). The species (black dots) of A. 
rubrum (ACRU), D. virginiana (DIVI), L. styraciflua (LIST), M. 
cerifera (MOCE), P. taeda (PITA) and S. nigra (SANI) were ranked 
based on whole-site importance values and the positioning of 
each species was determined from weighted averages of site 
abundance across three elevation class subplots, High (squares), 
Mid (triangles) and Low (crosses). 
 
 
90.3% of the patterns in abundance per WIS associated with axis 
1 were predicted by the environmental variables (Fig. 11). 
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 Fig.11  CCA ordination comparing the abundance and distribution 
of all species (less vines) based on wis of species observed in 
tidal sites. The functional-attribute-conditional ordination 
illustrates that 90.3% (axis 1) and 9.4% (axis 2) of the 
variation in stem distribution per Wetland Indicator Status 
(WIS) of woody species in tidal subplots (sites) is explained by 
the gradients (represented by arrows) in four environmental 
variables; mV (soil redox potential), %GWC (soil water content), 
%OM (soil organic matter) and %∆E (mean relative change in 
elevation). The positioning (black dots) of each WIS (upland 
[UPL], facultative upland [FACU], facultative [FAC], facultative 
wetland [FACW] and obligate wetland [OBL]) was determined from 
weighted averages of site abundance across three elevation class 
subplots, High (squares), Mid (triangles) and Low (crosses). 
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Discussion 
 
Microtopography 
 
The variability in the ecotone microtopography owed in part 
to significant changes in the observed woody species and stem 
densities across elevation gradients in the tidal area, but not 
the non-tidal area.  The latter, therefore, was considered to 
have a higher degree of topographic homogeneity than the former, 
due in part to non-tidal plots being positioning at the northern 
extent of the wetland; therefore, plot elevations were more 
affected by legacy sediments deposited during the ≈80-year 
impoundment.  Albeit the non-tidal area was on average lower 
than the upland forest, several plots adjacent to shallow-sloped 
terrain also lacked the well-defined lake-edge scarp line that 
was observed in all tidal plots.  Such features and overall 
positioning in the landscape muted microtopographic variability 
in the non-tidal area, presumably enough to hinder or at least 
reduce the amount of woody species recruitment compared to the 
tidal area.  The disconnected tidal hydrology and substantial 
herbaceous community (e.g., Leersia oryzoides (L.) Sw.) may 
reduce the overland flow that often insures topographic 
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variability and seed dispersal of woody species in the non-tidal 
area.  This may have implications for a designed restoration 
approach when selecting species not reliant upon a hydrochorous 
dispersal strategy.  
Neither the tidal nor non-tidal areas featured any hummock 
and hollow microtopography often characteristic of freshwater 
swamps in the Atlantic and Gulf Coastal Plain (Day et al. 2007).  
However, minor but significant changes in elevation observed 
along the tidal ecotone may be functionally similar to 
microtopographical differences found in mature swamps.  The T-
high and T-mid subplots in KCW, which were on average 16 cm and 
12 cm higher than T-low subplots, respectively, supported over 
89% of the observed woody species, as well as greater stem 
densities.  Similar differences between hummock and hollow 
elevations were observed in the Pamunkey (15 cm; Rheinhardt and 
Hershner 1992), Hudson (>18 cm; Courtwright and Findlay 2011) 
and Waccamaw (17 cm; Duberstein et al. 2013) tidal freshwater 
swamps.  In such environments where hummock topography is more 
predominant, higher stem densities and species richness are more 
likely to occur on hummocks than in hollows (Rheinhardt and 
Hershner 1992; Courtwright and Findlay 2011; Duberstein and 
Conner 2009).  Duberstein and Kitchens (2007) also found that 
“shrub hummock” communities contained 90% of the tree species 
surveyed in swamps along the Savannah River.  
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While similarities may exist between the vegetation trends 
of elevated hummocks and tidal ecotones, the mechanisms 
responsible for forming such microtopographical features may be 
different.  The KCW tidal ecotone microtopography is presumed to 
be a relic wetland contours formed by the interplay of tidal 
hydraulics and variable substrate roughness similar to 
mechanisms that shape stream and river channels (Thorne 1998).  
The formation and maintenance of hummock features (e.g., height 
and width) in TFSs are presumably a function of coarse woody 
debris accumulation via fallen trees (e.g., windthrow), thus 
creating vegetation recruitment sites which are higher and drier 
than neighboring lower elevations (i.e., hollows) (Rheinhardt 
and Hershner 1992).  Further, considering that KCW eventually 
revegetated into a tidal forest after the Civil War and sediment 
accretion occurs at a slower rate in tidal forests than tidal 
marshes (Craft 2012), one might assume that a majority of the 
KCW topography has been fairly homogeneous for an indeterminate 
amount of time.   
 
Edaphic Physiochemistry 
 
Ecotone soils in the tidal area differed significantly 
across the elevation gradient, both physically and chemically.  
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Soils at higher elevations contained less moisture, organic 
matter and nitrogen, and were less anoxic compared to soils at 
mid and low elevations.  High elevation soils also contained 
loamy constituents and often larger grained particles, but very 
little to no detritus.  Conversely, all low elevation soils were 
frequently to permanently flooded at 15 cm to 20 cm depth, were 
mostly a mucky texture and often contained coarse particulate 
organic matter.  Thus, most of the soil organic matter in KCW 
begins to accumulate down slope approximately 10 m horizontally 
from and 16 cm below the higher ecotone elevations.  However, 
the observed soil organic matter concentrations were still much 
less than those common to most hydric mineral wetland soils 
(<20% to 35%) (Mitsch and Gosselink 2000). 
Contrastingly, Courtwright and Findlay (2011) observed no 
difference in organic matter content across elevation gradients 
in a Hudson River TFS.  This was apparently due to the high 
concentration of root fibers found in hummock soils and a mucky 
peat composition in hollows (Courtwright and Findlay 2011).  
Organic matter content, however, differed in Pamunkey River 
swamps wherein hummocks in upstream swamps contained less 
organic matter (25.2%) than those in downstream swamps (40.5%) 
(Rheinhardt 1992a) and one swamp which lacked hollows altogether 
contained the lowest amount of soil organic matter (9.0%) 
(Rheinhardt and Hershner 1992).  Lastly, soils in the Harris 
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Creek swamp adjacent to KCW had a mean organic matter content of 
26.4% (Fleming and Patterson unpubl. data).   
Such contrast comparisons were not surprising considering 
that relatively few growing seasons had occurred along the 
exposed ecotone after dam removal up to the time of this study 
(≈6 seasons).  Six seasons of primary productivity has 
presumably had little effect on organic matter accumulation in 
KCW.  Nevertheless, results suggest that an increase in soil 
organic matter content is concomitant with increasing levels of 
soil water content in tidally-influenced soils.  If the current 
hydroperiod continues to foster anoxic soils, combined with 
seasonal autochthonous inputs (i.e., senesced Typha spp., etc.), 
organic matter should increase with time (Anderson and Lockaby 
2007). 
The difference in nitrogen (N) concentration across the 
ecotone was probably due to differences in stem density and 
oxygen availability.  A lower N concentration in higher 
elevations was probably due in part to the greater density of 
woody stems resulting in increased nutrient uptake by plants. 
Further, higher redox potentials meant increased oxygen 
availability in high elevations, thus probably facilitating the 
ammonification process that provides a more useful form of 
nitrogen to plants.  The exact opposite conditions prevailed in 
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low elevations resulting in higher N concentrations.  
Courtwright and Findlay (2011) observed a similar scenario where 
deeper oxygen penetration and greater stem densities possibly 
owed to the lower concentrations of ammonium in hummocks than in 
the adjacent hollows.  Lastly, greater soil fractions containing 
loamy parent material may have also led to increase nitrate 
(NO3−) mobility by increasing N leaching down the ecotone 
elevation gradient (Mitsch and Gosselink 2000).  Conversely, low 
subplots (mean 1.95-m > MSL) with predominantly saturated hydric 
soils, even during ebb tides, were significantly higher in 
nitrogen and extremely anoxic with redox potentials as low as ‒
66 mV.  These soils, clearly in the range for the rapid 
reduction of ferric iron (Fe3+) and manganic manganese (Mn4+), had 
the characteristic black and blue-gray coloring that results 
from such chemical transformations.   
 
Ordinations 
 
Ordinations for tidal stem abundance for the top five tree 
and one shrub species based on importance values (Fig. 9) and 
tidal stem abundance per wetland indicator status (Fig. 11) were 
very similar with respect to the separation of environmental 
drivers of soil water content, organic matter and redox 
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potential, but differed in response to relative change in 
microtopography across the elevation gradient.   
The ordination for tidal sites and the top five tree and 
one shrub species illustrated that the separation of subplots 
(i.e., elevation classes) and woody species with regard to arrow 
direction was in response to gradients in the environmental 
variables mainly along Axis 1 (Fig. 9).  Three species, D. 
virginiana (DIVI), P. taeda (PITA) and M. cerifera (MOCE) being 
positioned below 0.0 on Axis 1 suggests that these species were 
mainly associated with higher elevations and higher gradients in 
soil redox potential.  The positioning of L. styraciflua (LIST) 
suggested that its distribution was associated with High and Mid 
elevations but probably marginal gradients in soil redox 
potential.  The highest gradients soil water content and organic 
matter were found in Mid- and Low-elevation subplots.  The 
obligate-wetland tree S. nigra (SANI) (positioned to the right 
of the ordination) was strictly associated with Low-elevation 
subplots and positively associated with the highest soil water 
content and organic matter gradients.  Considering data for mean 
percent-change in elevation (represented in the ordination as 
%Elev [a.k.a. %∆E]) were primarily negative values, its gradient 
line pointing to the right in the ordination inferred that Mid- 
and Low-elevation subplots and S. nigra abundance were primarily 
associated with the least negative changes in elevation, 
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whereas, tree species positioned in High-elevation subplots 
preferred steeper slopes (i.e., more negative %∆E).  At the top 
of the ordination, all elevation class subplots appeared to 
gravitate toward A. rubrum (ACRU), suggesting its abundance was 
more evenly distributed across the elevations than the other 
species.  Being positioned farthest from %GWC, %OM and %Elev 
suggests A. rubrum abundance was more associated with a broader 
range of soil water content, organic matter and changes in 
elevation.  This was expected considering A. rubrum was one of 
the more pervasive species observed in other Chesapeake Bay 
subestuaries (Rheinhardt 2007).  
The ordination for the top five tree and one shrub species 
in non-tidal plots suggested a weak relationship between the 
elevation gradient and stem abundance where only M. cerifera 
(MOCE) was associated with measurable elevation changes.  The 
elevation classes were not well separated as in tidal plots, 
probably due to insignificant differences in elevation in non-
tidal plots.  Species abundance patterns, however, were similar 
to tidal plots such that S. nigra (SANI) abundance was again 
positively associated with Low elevations and strongly 
associated with maximum levels of soil water content and organic 
matter.  The position of A. rubrum (ACRU) abundance appeared to 
be associated more with Mid- and High-elevation subplots, but 
its’ close proximity to zero on Axis 1 suggested that stem 
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densities were evenly distributed and probably weakly associated 
with environmental variables.  Once again, the abundance of L. 
styraciflua (LIST), P. taeda (PITA) and D. virginiana (DIVA) 
appeared concentrated in High elevation subplots and associated 
with higher soil redox potentials.   
The ordination for stem abundance per WIS in tidal plots 
illustrated a moderate separation of elevation classes probably 
due to the predominance and relatively broad distribution of FAC 
species across the elevation classes.  The abundance of FACW 
species was associated with both Mid and Low subplots and 
moderate gradients of soil saturation, organic matter and 
elevation; whereas OBL species were again limited to relatively 
low elevation gradients where higher soil water content and 
organic matter prevailed.  The UPL and FACU species appeared 
mainly in High-elevation subplots associated with highest 
gradients in elevation (i.e., more negative %∆E) and redox 
potential.  The position of FACU species also suggested these 
abundances also occurred in Mid-elevation subplots.  The FAC 
species point near 0.0 on both axes inferred these abundances 
occurred across all elevation gradients but species probably 
preferred High and Mid elevation subplots and moderate gradients 
in soil water content, organic matter and redox potential. 
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Contemporary Vegetation Patterns 
 
This research suggests that changes in woody community 
composition, stem densities and species dominance were 
significantly associated with the interplay of variable ecotone 
microtopography and concomitant changes in soil water and 
organic matter content and redox potentials.  Species richness 
and stem density increasing with elevation also occurred on 
hummocks in which soils contained higher redox potentials and 
less flooding (Courtwright and Findlay 2011).  Extensive hummock 
microtopography (i.e., more sites at higher elevations) also 
supported a greater number of woody species, supposedly by 
providing numerous, less flooded microsites for the recruitment 
of seedlings (Duberstein and Conner 2009).   
It is difficult to estimate from the contemporary data the 
future composition of the woody community in KCW; however, 
several species documented in this study were also observed in 
the adjacent Harris Creek swamp (Fleming and Patterson unpubl. 
data) as well as other swamps surveyed in Virginia (Rheinhardt 
1992a).  It is presumed by nature of the overall narrowness of 
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the ecotone, contemporary stem densities may diminish as trees 
mature and community compositions change in the future.  Change 
may depend on where in the landscape elevated recruitment sites 
are positioned and the subsequent hydrologic interactions.  In 
Savannah River swamps, hummocks in backswamp settings supported 
greater stem densities than those in streamside settings, 
whereas species richness varied with community type (Duberstein 
and Conner 2009).  Rheinhardt (2007) found that depending on 
where swamps were positioned with regard to the extent of the 
tidal reach governed the flooding regime (e.g., regularly 
flooded vs. irregularly flooded) and ultimately determined 
canopy species richness (i.e., higher species richness in 
irregularly flooded swamps), but increases in species richness 
of understory layers required a more open canopy, regular 
flooding and extensive microtopographical features (i.e., more 
hummocks).  Mature swamps, however, with high floristic species 
richness in understory layers may be dominated by only a few 
canopy species, such as A. rubrum dominating 4 out of 5 swamps 
in Pamunkey River sites (Rheinhardt 1992a).  While tree the 
communities observed in this study could not be characterized as 
“mature”, the relatively high species richness of seedlings, 
shrubs and vines (i.e., herbaceous layer) and stem abundances of 
larger growth forms (saplings) being dominated by only a few 
 50 
 
species could be considered a similar but smaller-scaled pattern 
of woody vegetation.   
Shifting species abundance and community composition in 
terms of importance value (IV) were observed across the ecotone 
in tidal and non-tidal sites.  High and Mid subplots were 
dominated by L. styraciflua followed by A. rubrum with S. nigra 
very closely matching the latter in abundance and IV in Mid 
subplots.  Low subplots, however, were dominated by S. nigra 
followed by A. rubrum.  Individual species abundance differed 
between tidal and non-tidal sites, whereas shifts in community 
composition were similar.  High subplots were classified as a 
sweetgum/maple community and Low subplots a maple/willow 
community, with Mid subplots primarily dominated by all 3 
species.  The tidal area mirrored whole-site data in that the 
aforementioned three species accounted for over 50% of the total 
stems (whole-site: 54%; tidal: 57%).   
Woody species must outcompete faster growing emergent 
vegetation for space, thus finding prime recruitment sites is 
key for determining woody regeneration potential and survival in 
predominately flooded, anoxic environments.  As such, the 
functional attributes of facultative and obligate woody species 
select for more competitive species in these environments.  High 
recruitment in tidal sites may in part be a function of 
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increased hydrochory (seed dispersal by water) during high tides 
or flooding events.  Neff and Baldwin (2005) observed twice the 
number of species dispersed hydrochorously as opposed to wind 
dispersal in a freshwater tidal system.  In this study, A. 
rubrum (FAC) appeared to be selecting a more diverse suite of 
environmental conditions and may hypothetically outcompete L. 
styraciflua despite its’ current dominant status.  Stems of L. 
styraciflua decreased 62% from High to Mid elevations and nearly 
98% from High to Low elevations; whereas, A. rubrum decreased 5% 
and 34% in Mid and Low elevations, respectively.  Abundance of 
S. nigra on the other hand increased nearly 2 orders of 
magnitude from High to Low elevations wherein soil saturation 
increased from 12% to 56%.  Rheinhardt and Hershner (1992) 
determined A. rubrum to be the dominate tree species in two 
mature maple/sweetgum tidal freshwater swamps (Squaw and 
Randolph) in Virginia even though the relative time and depth at 
which roots were flooded differed between both swamps.  Many 
wetland tree species utilize shallow adventitious roots thus a 
soil depth ranging from 15 to 20 cm was considered a sufficient 
proxy for rooting zone depth in the KCW site.  Significant 
differences in soil saturation in this soil depth range affected 
woody vegetation patterns and species distribution across the 
elevation gradient.  Similar to that observed in Pamunkey River 
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swamps, A. rubrum appeared the most versatile species in terms 
of soil saturation in KCW.   
Differences in microtopography, soil redox potential and 
lower gradients of soil saturation and organic matter also led 
to shifts in species’ importance values in KCW.  Similar 
significant shifts in overstory species’ importance values in an 
Arkansas bottomland hardwoods forest were in response to small 
changes in elevation (5-cm) and edaphic characteristics (Grell 
et al. 2005).  In contrast to this study, Grell et al. (2005) 
observed L. styraciflua dominating low-elevation plots where 
increased flooding frequency was presumably driving 
environmental variations.  Such evidence might suggest that 
under certain conditions L. styraciflua displays functional 
versatility similar to A. rubrum.  This, however, might be a 
site-specific response considering L. styraciflua were limited 
to drier elevations in KCW.  Thus, an environmental sieve (e.g., 
gradients in soil redox potential) in KCW might be affording A. 
rubrum a selective advantage in recruiting across the entire 
elevation continuum; whereas, optimum recruitment sites for L. 
styraciflua might be limited to drier more oxygenated soils.   
Obligate wetland species such as S. nigra, T. distichum and 
shrub species C. occidentalis are more likely to survive higher 
levels of soil saturation in KCW considering their wetland 
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rating.  However, higher occurrences were observed for T. 
distichum and C. occidentalis in Mid elevation subplots; 
whereas, S. nigra dominated in wettest low elevations.  In fact, 
S. nigra seedlings were observed recruiting anywhere from 20 m 
to 100 m beyond the 15-m survey plot distance.  The use of S. 
nigra in a stream restoration project observed an 86% survival 
rate by the second growing season for trees planted in the 
wettest low elevations (Pezeshki et al. 2007).  While only 20% 
of the variation in its survival was explained by water table 
depth and soil redox potential (Pezeshki et al. 2007), S. nigra 
presumably utilizes root-aeration as an avoidance mechanism to 
survive flooded environments (Li et al. 2006), possibly making 
it a species more suited for designed restoration in KCW. 
The contemporary vegetation survey data have suggested that 
variable tidal wetland microtopography variations in edaphic 
characteristics across small spatial scales have implications 
for woody species recruitment and stem abundance gradients.  
While not all restoration scenarios nor sites are exactly alike, 
certain woody species survive in tidal wetlands by overcoming 
environmental limitations imposed by the ecosystem.  Some 
limitations common to many TFSs act as small-scale environmental 
sieves that filter out unfit species.  Protocol intended on 
restoring a tidal freshwater swamp either by design or natural 
restoration should wisely consider species’ functional traits as 
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well as the effects environmental sieves will have on those 
species.  Further research elucidating more of these patterns 
would benefit KCW restoration efforts and similar scenarios 
across the Mid-Atlantic Coastal Plain.  
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Chapter 2 – Historical Tidal Forest Composition 
 
 
 
Introduction 
 
 
 
Elucidating the processes necessary to restore forested 
floodplain ecosystems such as bottomland hardwood forests (BHFs) 
have been the foci of numerous studies (McDermott 1954; Jones 
and Sharitz 1998; McLeod 2000; Hanberry et al. 2012; Kabrick et 
al. 2012; Berkowitz 2013).  While some have pooled together 
concepts based on the cumulative knowledge of restoration 
techniques (Stanturf et al. 2001; King et al. 2009), others have 
focused on BHF restoration more directly.  Strategies to restore 
BHFs have been developed from myriad perspectives such as 
correlating forest basal area with flooding regime (Anderson and 
Mitsch 2008), species selection survival with planting site 
elevation (McLeod 2000) or forest regeneration potential with 
coppice stem density (Spencer et al. 2001).  Others have 
incorporated a historical perspective to develop strategies and 
estimate afforestation trajectories by connecting past land-use 
and forest inventory data with contemporary vegetation patterns 
(Hanberry et al. 2012).  Such information often reveals which 
environmental changes lead to significant shifts in forest 
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community composition and species dominance (Hanberry et al. 
2012). 
This latter strategy was incorporated into the second 
objective of the present research based on two logical 
assumptions.  First, despite the fact that floodplain forest 
ecosystems include tidal freshwater swamps, restoration 
strategies involving BHFs may not apply to tidal freshwater 
swamps due to the placement of each ecosystem in the landscape.  
Tidal freshwater swamps are topographically lower and intimately 
connected to tidal oceanic forces which leads to more-frequently 
to permanently-flooded soils compared to BHFs at higher 
elevations (Hackney et al. 2007).  Thus it was assumed while 
several species codominate both systems (e.g., Chamaecyparis 
thyoides (L.) B.S.P. [Atlantic white cedar], Nyssa aquatica L. 
[swamp tupelo], Taxodium distichum L. [bald cypress]) (Day et 
al., 2007), the distribution and growth of tree species in tidal 
freshwater swamps may differ significantly enough to warrant a 
restoration protocol that differs from that of a BHF. 
Secondly, based on the premise that reference wetland and 
historical environmental data often used in restoration models 
are considered valuable tools when available (Zedler 2001), 
gathering such data would be highly strategic from a restoration 
perspective.  Prior to this study, however, employable 
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methodology for determining pre-dam tidal freshwater swamp 
species taxonomy or community composition in the Atlantic and 
Gulf Coastal Plain was limited.  Further, no forestry inventory 
data were found regarding deforestation prior to dam 
construction in Kimages Creek wetland (KCW) study site.  
Nonetheless, data were available in the form of a contemporary 
vegetation survey (Chapter 1 research objective), a recent 
vegetation survey conducted in a neighboring swamp (Harris 
Creek) by Fleming and Patterson (unpubl. data) and a rare 
opportunity to gather data possibly identifying historical 
remnants of woody vegetation in KCW.  From these data, it was 
proposed that connecting contemporary woody succession and 
historical information on the prevalence of prior and current 
species may facilitate more holistic restoration designs with 
the goal of mimicking natural succession. 
Two caveats were considered prior to analyzing any data.  
The first suggested that possible differences between past and 
present environmental conditions within the target wetland (KCW) 
might lead to differences between past and future afforestation 
(Stanturf et al. 2001).  For example, changes in herbaceous and 
forest communities have been shown to respond to significant 
differences in ecological indicators (local and climatic) in 
just 40 years (Czerepko 2008).  The second caveat suggested that 
environmental conditions (e.g., edaphic, hydrologic, 
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disturbance) that shaped reference wetlands (i.e., Harris Creek 
swamp) may not be repeatable in a target wetland (Stanturf et 
al. 2001), thus making restoration predictions problematic if a 
similar ecosystem state is planned.  Nonetheless, the objectives 
of this study were to compare in-kind historical vegetation data 
and contemporary vegetation dynamics and determined whether the 
trajectory of contemporary natural forest recruitment would 
essentially vary in time, space and composition from that of the 
past. 
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Methods and Materials 
 
 
 
Pre-Dam Woody Vegetation Survey 
 
 
 
Numerous woody stumps, remnants of the extirpated 
bottomland KCW forest, were visibly protruding from the marsh 
substrate at low tides during the non-growing season.  As part 
of a study ongoing since January 2011, ocular reconnaissance of 
non-submerged woody stumps within KCW was performed between 
February 2013 and May 2014 via grid-search methodology.  
Geospatial coordinates were obtained for each stump encountered 
using a Trimble® 6000 GPS receiver and post-processing of the 
geo-data achieved sub-meter accuracy of stump locations.  Woody 
stump samples (hereafter referred to as “cookies’) in the form 
of disc-shaped cross-sections revealing end-grain 
characteristics were extracted from 10% of the geo-located 
stumps and returned to the lab where they were cleaned and oven-
dried (24 hrs. at 70 °C).  One side of each “cookie” was 
manually sanded until smooth and particles removed with forced 
air (15 psi).   
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Dendrochronologic and Taxonomic Analyses 
 
Cross-section structural characteristics of “cookies” with 
minimal structural deterioration were examined using the Wild-
Heerbrugg M3Z stereo-microscope (magnification 6.5X to 40X).  
Growth rings were also enumerated in “cookies” having more 
intact heartwood and sapwood regions, whereas highly 
deteriorated stumps often yielded fragments only a few growth 
rings in width.  “Cookies” classified as hardwood underwent an 
11-step diagnostic taxonomy evaluation process (Table 8; 
Appendix 2) designed to generate a species-specific taxonomic 
identification code (TIC) for each sample.  Developed in part 
from hardwood structural characteristics as described by Hoadley 
(2000), letters and numbers comprising a TIC were used to 
represent unique cross-section structural features observed in 
the samples.  In order to evaluate species composition of the 
historical forest, the TIC data were then matched to a TIC 
xylarium database, as developed by the current researcher, 
comprised of 42 species (Table 9; Appendix 2).  The inclusion of 
woody species in the TIC database was determined in part from 
the Regional Supplement to the Corps of Engineers Wetland 
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Delineation Manual: Atlantic and Gulf Coastal Plain Region 
(Version 2.0) and: Eastern Mountains and Piedmont Region (USACE 
2010a,b).  Due to minimal structural characteristics, softwoods 
species were evaluated by visually comparing “cookies” to a 
database of end-grain (10X) photographs compiled from Hoadley 
(2000) and Meier (2013).  Taxonomic and growth-ring data of 
woody stumps were combined with geospatial data using Arc-GIS 
software (ESRI 2010) to develop a digital model illustrating a 
portion of the historical forest community that eventually 
developed in KCW between 1862 and 1927.   
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Results 
 
 
 
Historical Woody Vegetation 
 
 
 
Between February 2011 and April 2014, a cumulative total of 
4,546 stumps were geo-located within Kimages Creek wetland (Fig. 
12).  For purposes of this study 2,902 stumps were geo-located 
 
Fig.12  Satellite imagery of geo-located stumps in Kimages Creek 
wetland. Yellow dots represent locations of individual trees just 
prior to the 1927 deforestation event that preceded dam construction. 
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between March 2013 and April 2014; however, only 2,392 
geospatial positions were generated possibly due to satellite 
referencing errors.  Out of the total number of stumps geo-
located, 2,387 tissue samples were extracted; however, due to a 
change in extraction protocol only 413 “cookies” were used in 
this study.  Taxonomic analyses of identifiable “cookies” (n = 
258) via the diagnostic cross-sectional end-grain method 
resulted in 11 Genera and 15 species (Table 10).  To date the 
forest community was dominated by Fraxinus spp. (78.3%), 
followed by L. styraciflua (4.3%), Acer spp. (3.5%) and Carya 
spp. (3.1%). 
According to growth-ring analyses of age-estimable cookies 
(n = 156), the approximate age of the historical Kimages Creek 
tidal swamp to date was ≈35.5-years-old.  Trees ranged in age 
from 10 to 102 years-old.  Nearly 63% of the trees were 20 to 40 
years-old, whereas 10% were 50 to 65 years-old.  The oldest tree 
specimen observed (102 yrs.), was identified as an eastern 
redcedar (Juniperus virginiana L.); a possible survivor of the 
deforestation event that took place during the Civil War (circa 
1862).   
The age of the next oldest tree was 74-years, also a J. 
virginiana.  Using estimated age data, the actual number of 
“cookies” (multiplied by 10) of a given age was used as the 
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datum for the relative abundance of trees just prior to the 1927 
deforestation event.  Age data were subtracted from the year 
1927 to estimate the recruitment year for trees of a given age,  
 
Fig.13.  Abundance data were plotted against recruitment year to 
illustrate a hypothetical chronosequence of historical woody 
recruitment occurring in Kimages Creek wetland between 1862 and 
1927.  Using age-estimated data, the actual number of cookies 
(multiplied by 10) of a given age was used as the datum for the 
relative abundance of trees just prior to the 1927 deforestation 
event.  Age data were subtracted from year 1927 to estimate 
recruitment years for trees in KCW.  
 
then abundance data were plotted against recruitment year to 
illustrate a hypothetical abundance of trees recruiting in KCW 
between 1862 and 1927 (Fig. 13). 
Tree abundance per Wetland Indicator Status (WIS) was 
estimated from “cookies” identified to species.  “Cookies” 
identified to the level of Genus Fraxinus were given an 
estimated WIS as FACW species based on their location in the 
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landscape.  The historical forest abundance to date per species 
WIS was estimated at 0.4% upland (UPL), 12.8% facultative-upland 
(FACU), 12.0% facultative (FAC), 72.9% facultative-wetland 
(FACW) and 1.9% obligate (OBL) species.  Locations of 
identifiable “cookies” (n = 258) per WIS were added to the KCW 
satellite imagery to illustrate the distribution (Fig. 14). 
 
Fig.14. Satellite imagery of Kimages Creek study site 
illustrating historical tree distribution per Wetland Indicator 
Status (WIS) of each species as determined by USDA (2014). 
Abbreviated WIS in legend represents facultative-upland species 
(FACU), facultative species (FAC) and facultative-wetland 
species (FACW). 
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Discussion 
 
 
Historical Forest Community 
 
 
 
Current data suggest that the historical KCW tidal 
freshwater forest community was probably classified as an 
ash/sweetgum swamp consisting mainly of Fraxinus, L. 
styraciflua, Acer and Carya spp.  Few obligate wetland species 
have been identified thus far; whereas, the majority of 
individuals appeared to be facultative-wetland species and 
likely of Genus Fraxinus.  Three of the KCW historical tree 
species were observed by Rheinhardt (1992a) in the Pamunkey 
River swamp (Fraxinus spp., A. rubrum, L. styraciflua) where 
Fraxinus spp. dominated ash-blackgum and ash-blackgum/bald 
cypress subtype swamps and A. rubrum dominated a maple-sweetgum 
swamp.  Only three of the historical forest species (Fraxinus 
spp., A. rubrum, L. styraciflua) estimated via the diagnostic 
taxonomy evaluation process were surveyed in Harris Creek swamp.  
Seven tree species recorded in Harris Creek swamp included 
(relative densities in parentheses); Fraxinus pennsylvanica 
(40.4%), A. rubrum (37.3%), Nyssa biflora (12.4%), Ulmus 
americana (6.8%), T. distichum (1.2%) and Ilex opaca var. opaca 
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(0.6%).  The F. pennsylvanica L. (green ash) had the highest 
importance value, followed by A. rubrum (Fleming and Patterson 
2010).  It was noted that nearly all Harris Creek swamp tree 
species were also observed in the contemporary woody vegetation 
survey (compare Table 4 & 10).  Analyses of future “cookie” data 
may produce a wider range of Genera and species in the 
historical forest.   
The KCW historical forest estimated composition may have 
also been comparable to those of bottomland forests developing 
during secondary succession (Yin et al. 2009; Hanberry et al. 
2012) and silvicultural research sites (Spencer et al. 2001).  
Genera similar to that which dominated historical KCW also 
codominated transitional communities during bottomland forest 
succession in the Upper Mississippi River floodplains where 
Fraxinus and Acer species exhibited the fastest growth rates 
(Yin et al. 2009).  The KCW historical community also paralleled 
other historical bottomland communities in the Mississippi River 
Alluvial Valley (e.g., mainly Fraxinus, Acer and L. styraciflua) 
(Hanberry et al. 2012).   
Additionally, KCW forest development may have been 
analogous to natural regeneration occurring in clear-cut, 
bottomland hardwood forests in southeastern Virginia (Spencer et 
al. 2001).  Observations made across a chronosequence of sites 
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ranging in age from 2 to 20 years revealed Fraxinus and Acer 
spp. had dominated mixed-hardwood sites with greater water-level 
fluctuations (Spencer et al. 2001).  Many of the sites, however, 
regenerated from coppice while older sites were comprised of S. 
nigra that had regenerated from seed and quickly became 
community dominates in 10 to 15 years (Spencer et al. 2001).  
However, S. nigra senesced after an approximate 20-year growth 
period, which made way for more mast-producing species (Spencer 
et al. 2001).   
If such a scenario had occurred during the regeneration of 
KCW forest, this might explain the chronological trends 
illustrated in estimated recruitment densities (Fig 13).  Salix 
nigra prefers more saturated conditions in lower elevations 
(Pezeshki et al. 2007) and is often one of the more stable 
pioneer woody species that responds well to changes in elevation 
(Shaffer et al. 1992).  If S. nigra was one of the first woody 
species to establish KCW bottomland and died off to make way for 
more transitional species such as Fraxinus and Acer spp., then 
taxonomic analyses of “cookies” might reveal fewer S. nigra 
compared to other species.  In fact, only 5 S. nigra have been 
identified to date.  If the first 20 years of KCW forest 
regeneration were dominated by S.nigra out-competing other 
species for recruitment sites, then this would be reflected by a 
relatively low recruitment rate of other species (e.g., 
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Fraxinus).  Concomitant with a gradual senescing of a dominant 
S. nigra community, stem densities of other species would have 
exhibited an increase as new recruitment sites became available.   
This scenario may have been illustrated in the recruitment 
density graph where relatively low recruitment occurring during 
the first 20 to 25 years was followed by a sudden increase 
mainly of ash species.  Recruitment then leveled off to 
approximately 40 individuals recruiting per year until peaking 
again in 1890 to nearly 70 new trees.  There was a slight mean 
decline in recruitment between 1890 and 1896 until a marked 
increase with nearly 200 trees recruiting between 1897 and 1900.  
Recruitment once again exhibited bi-yearly peaks until 
drastically decreasing in 1907.  Once again moderate recruitment 
was evident from 1910 to 1912, eventually declining in 1922 
until the forest was extirpated in 1927. 
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Chapter 3 
 
 
 
Synthesis 
 
 
 
The observed contemporary distribution of woody communities 
implies that successful tidal freshwater forest secondary 
succession ≈7 years after the initial lake recession event and 
subsequent dam removal owes to significant variations in edaphic 
characteristics – all of which were attributable to slight 
variations in microtopography along the marsh/upland ecotone.  
Stem densities of most species increased concomitantly with 
elevation, redox potential and decreasing soil water content.  
The distribution of only one species, S. nigra, responded 
conversely to these variables.  The prevalence and demographic 
preference of L. styraciflua and S. nigra stems in the ecotone 
indicates that each species’ recruitment success likely owed to 
the key environmental variables quantified in this particular 
system.  On the other hand, the even distribution of A. rubrum 
across the ecotone has implications for this species as being a 
more effective woody wetland competitor by being able to 
allocate a wider range of resources than other woody species 
occurring in KCW.  Denslow and Battaglia (2002) also found a 
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higher probability occurrence of A. rubrum across an 
elevation/hydrologic gradient in a bottomland hardwood forest 
and predicted an increase in future abundances in adequately 
managed southern coastal forests.  Successful natural 
reforestation of A. rubrum in KCW may hinge upon future soil and 
hydrologic conditions and the competitive outcome between L. 
styraciflua and S. nigra in Mid and Low elevations, 
respectively.  However, an A. rubrum dominated system may hinder 
the successful establishment of the less shade-tolerant KCW 
target species, T. distichum (Denslow and Battaglia 2002).  
Thus, restoration protocols should be designed with the 
understanding of contemporary species interactions and possible 
shifts in future communities responding to changing 
environmental conditions. 
A continuously higher ratio of seedlings to saplings across 
the elevation gradient indicates that natural forest 
regeneration is well underway in KCW.  This trend was consistent 
for all tree species (except one; P. occidentalis); however, 
maintaining such a trend along the narrow ecotone is highly 
improbably if canopy coverage increases.  The observed shifts in 
community composition across the ecotone were presumed to be 
species-specific responses to contemporary below and aboveground 
resources.  However, such communities across a small spatial 
scale will likely meld into a single community comprised of one 
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or two dominants as faster maturing species shade out 
competitors. 
At the ecosystem level, tidal freshwater swamps are 
considered transition zones between riverine and estuarine 
ecosystems that provide critical niches for a unique suite of 
flora and fauna.  Preserving these systems has been the focus of 
many studies but few tidal ecosystem restorations via dam 
removal have focused on reestablishing critical riparian 
habitats.  Wetland restoration theories often claim that 
successful restoration comes from accelerating natural 
succession processes; however, natural tidal forest regeneration 
might be beyond the time constraints of many restoration 
projects.  This is somewhat expected considering restoration 
ecology is still an emerging field and that relatively few 
studies have investigated the dynamics of TFS restoration.   
This research serves as a springboard for long-term 
research in the current tidal freshwater system, the development 
of a working TFS restoration model and underscores the 
importance of understanding the interconnectedness of fluvial 
regimes and their riparian landscapes.  Riparian ecotones are 
extremely important for transitioning species between wetland 
and upland habitats and developing such habitats after dam 
removal is crucial for successful regeneration of tidal forest 
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species.  The continued growth of dam removal as a viable 
restoration tool makes it increasingly necessary to develop a 
more holistic protocol focused on restoring the associated 
riparian zones to insure long-term ecosystem health, viability 
and sustainability after dam removal. 
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Appendix 1 
 
 
 
Table 1. Wetland indicator status (WIS) of each woody species. 
Indicator code (IC), wetland indicator status (WIS) and criteria 
(and footnotes1,2) used to define plant ratings are in accordance 
with Lichvar and Gillrich (2011) Final Protocol for Assigning 
Wetland Indicator Status Ratings during National Wetland Plant 
List Update. 
IC WIS Criteria 
OBL Obligate wetland 
Always occur in standing water1 or saturated 
soils to exhibit optimum growth and healthy 
populations.2 
FACW Facultative wetland 
Nearly always occur in areas of prolonged 
flooding or require standing water1 or 
saturated soils1 to exhibit optimum growth 
and healthy2 populations. On rare occasions 
may occur in non-wetlands. 
FAC Facultative 
Occur in a variety of habitats, including 
wetland and mesic to xeric non-wetland 
habitats but often occur in standing water1 
or saturated soils1 to exhibit optimum growth 
and healthy2 populations. 
FACU Facultative upland 
Typically occur in xeric or mesic non-wetland 
habitats but may frequently occur in standing 
water1 or saturated soils1 to exhibit optimum 
growth and healthy2 populations. 
UPL Obligate upland 
Exhibit optimum growth and healthy2 
populations in xeric and non-wetland 
habitats. Almost never occur in water1 or 
saturated soils.1 
1Present at least seasonally (i.e., 14 or more consecutive days 
in the growing season in most years) 
2Healthy includes population size, vigor, and reproductive 
capabilities 
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Table 2. Summary of edaphic and topographic data. These include three elevation classes (High; Mid; Low) per hydrologic site (Tidal; Non-tidal) with n = 
number of plots per site and numerical values representing means ± 95% confidence interval with standard deviation listed beneath for the following 
abiotic variables; gravimetric water content (%GWC), percent organic matter (%OM), redox potential (mV), soil pH, and percent soil nitrogen (%N) and 
carbon (%C).  Topographic variables include mean relative change in elevation (%∆E), the difference in mean elevation (–E) (cm) from SLE (i.e., 2.44-m > 
MSL) to 1High, High to 2Mid, and Mid to 3Low and the average elevation (m±SE) above mean seal level (E > MSL).  Significant differences between means (p < 
0.05) across elevation classes were determined using †one-way ANOVAs and Tukey post-hoc comparisons or ‡Kruskal-Wallace test with Bonferroni-correction (α 
= 0.0167).  
  Edaphic variables  Topographic variables 
Hydrologic 
Site 
Elevation 
class %GWC %OM mV pH %C %N  %∆E −E E>MSL 
Tidal High 11.79±1.99 1.92±0.57 352.55±25.35 6.36±0.21 1.36±0.67 0.07±0.04 
 
-13.69±1.27 1-33.39 2.10±0.01 
(n = 22)  4.48 1.28 57.16 0.48 1.51 0.08  2.85   
 Mid 47.03±6.83 9.59±2.33 172.50±48.59 6.59±0.26 b5.91±1.81% 0.35±0.10 
 
-5.49±1.53 2-11.56 1.99±0.02 
  15.40 5.25 109.60 0.59 4.08 0.22  3.43   
 Low 56.09±3.79 11.34±1.48 29.71±24.79 6.88±0.26 5.80±0.96% 0.40±0.06 
 
-2.14±2.14 3-4.01 1.95±0.03 
  8.54 3.35 55.91 0.60 2.17 0.13  4.83   
 p-value ‡<0.0001 ‡<0.0001 ‡<0.0001 †0.0104 ‡<0.0001 ‡<0.0001  †<0.0001   
            
Nontidal High 21.99±20.96 4.23±2.18 350.70±24.88 5.59±0.44 1.74±1.18 0.10±0.07  -7.87±3.10 1-19.20 2.25±0.03 
(n = 11)  10.54 0.98 37.00 0.65 1.75 0.10  4.61   
 Mid 44.19±22.02 7.74±3.11 136.82±111.13 5.99±0.51 4.56±2.78 0.27±0.13  -3.98±1.90 2-9.02 2.16±0.04 
  14.46 4.62 165.44 0.77 4.13 0.20  2.83   
 Low 42.79±24.28 7.40±3.60 93.09±116.42 6.15±0.59 3.71±3.14 0.23±0.15  -2.63±4.62 3-5.51 2.10±0.06 
  15.64 5.35 173.32 0.88 4.67 0.22  6.88   
 p-value †0.0009 0.1473 ‡0.0041 0.2312 0.2088 0.0895  0.0555   
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Table 3. Summary of whole-site soil morphological data for each elevation class per Munsell Soil Color Charts. including hue, value 
and chroma (V/C), color name descriptor and the number of samples (N) with the listed matrix characteristic.  Data are sorted 
numerically in terms of increasing value and chroma. *Asterisks to the right of chroma values indicate hydric soil characteristics. 
High Elevations  Mid Elevations  Low Elevations 
Chart V/C Color name N  Chart V/C Color name N  Chart V/C Color name N 
10YR 2/1* black 2  10YR 2/1* black 2  10YR 2/1* black 1 
10YR 2/2* very dark brown 6  10YR 2/2* very dark brown 4  7.5YR 2.5/2* very dark brown 1 
10YR 3/1* very dark gray 2  10YR 3/1* very dark gray 18  10YR 3/1* very dark gray 16 
10YR 3/2* very dark grayish brown 2 
 5Y 3/2* dark olive gray 3  7.5YR 3/2* dark brown 1 
10YR 3/3 dark brown 3  10YR 3/2* very dark grayish brown 22 
 5Y 3/2* dark olive gray 3 
10YR 4/1* dark gray 2  10YR 3/3 dark brown 5  10YR 3/2* very dark grayish brown 29 
10YR 4/2* dark grayish brown 15  2.5Y 3/3 dark olive brown 2  2.5Y 3/3 dark olive brown 3 
10YR 4/3 brown 20  10YR 3/4 dark yellowish brown 7  10YR 3/4 dark yellowish brown 6 
10YR 4/4 dark yellowish brown 14  10YR 4/1* dark gray 6  10YR 4/1* dark gray 15 
10YR 5/1* gray 2  10YR 4/2* dark grayish brown 8  10YR 4/2* dark grayish brown 9 
10YR 5/2* grayish brown 9  10YR 4/3 brown 7  5Y 4/2* olive gray 3 
2.5Y 5/4 light olive brown 3  10YR 5/1* gray 2  10YR 4/3 brown 3 
10YR 5/6 yellowish brown 14  10YR 5/2* grayish brown 2  10YR 5/2* grayish brown 1 
10YR 6/3 pale brown 3  2.5Y 5/3 light olive brown 2  10YR 5/4 yellowish brown 1 
10YR 6/4 light yellowish brown 2  10YR 5/4 yellowish brown 2  GLEY1 3/10Y* very dark greenish gray 2 
    
 10YR 6/6 brownish yellow 1  GLEY1 4/10Y* dark greenish gray 3 
    
 GLEY1 3/10Y* very dark greenish gray 2 
 GLEY1 4N* dark gray 1 
    
 GLEY1 4/10GY* dark greenish gray 1  GLEY1 5/10Y* greenish gray 1 
    
 GLEY1 4N* dark gray 2  
    
    
 GLEY2 5/5BG* greenish gray 1  
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Table 4. Contemporary vegetation survey data. These include species list 
including taxa, common name (CN), wetland indicator status (WIS) with actual 
density (excluding vines) per tidal (T) and non-tidal (NT) sites and whole-
site relative density (RD).  
   Density 
Whole-
site 
Taxa CN WIS T NT RD(%) 
Trees      
Acer rubrum L. Red maple FAC 461 153 11.48 
Alnus serrulata (Aiton) 
Willd.  Hazel alder OBL 32 41 1.19 
Carpinus caroliniana Walter American hornbeam FAC 10 13 0.47 
Carya spp. Hickory FACU 1 3 0.35 
Diospyros virginiana L. Common persimmon FAC 25 59 3.31 
Fagus grandifolia Ehrh. American beech FACU 0 23 0.46 
Fraxinus pennsylvanica 
Marshall Green ash FACW 2 0 0.05 
Ilex opaca Aiton var. opaca American holly FAC 18 76 2.81 
Juniperus virginiana L. Eastern red cedar FACU 0 3 0.08 
Liquidambar styraciflua L. Sweetgum FAC 489 685 32.58 
Liriodendron tulipifera L. Tulip tree FACU 83 53 2.91 
Nyssa sylvatica Marshall Black gum FAC 0 5 0.25 
Pinus taeda L. Loblolly pine FAC 58 206 7.92 
Platanus occidentalis L. American sycamore FACW 35 46 2.04 
Prunus serotina Ehrh. Black cherry FACU 0 2 0.05 
Quercus alba L. White oak FACU 6 36 5.97 
Quercus michauxii Nutt. Swamp white oak FACW 0 602 5.50 
Quercus phellos L. Willow oak FAC 0 18 0.18 
Quercus rubra L. Northern red oak FACU 3 51 1.04 
Quercus spp. Oak FAC 2 26 3.29 
Rhus copallinum L. Winged sumac UPL 0 71 1.07 
Robinia pseudoacacia L. Black locust UPL 0 8 0.41 
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Table 4 continued      
Salix nigra Marshall Black willow OBL 535 207 9.50 
Taxodium distichum (L.) 
Rich. Bald cypress OBL 7 3 0.36 
Ulmus alata Michx. American elm FACU 75 23 1.31 
Shrubs      
Cephalanthus occidentalis 
L. Buttonbush OBL 42 22 4.09 
Cornus foemina Mill. Stiff dogwood FACW 6 0 0.27 
Ligustrum sinens Lour. Chinese privet FAC 30 0 0.58 
Lyonia lucida (Lam.) K. 
Koch 
Fetterbush 
lyonia FACW 1 3 0.12 
Morella cerifera (L.) Small Wax myrtle FAC 371 79 0.04 
Vaccinium corymbosum L. Highbush blueberry FACW 5 8 0.05 
Vaccinium stamineum L. Deerberry FACU 30 0 0.27 
Vines      
Bignonia capreolata L. Crossvine FAC    
Campsis radicans L. Trumpet creeper FAC    
Parthenocissus quinquefolia 
(L.) Planch. 
Virginia 
creeper FACU    
Rubus spp. Blackberry species FACU    
Smilax rotundifolia Greenbrier FAC    
Toxicodendron radicans (L.) 
Kuntze Poison ivy FAC    
Vitis aestivalis Michx. Summer grape FACU    
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Table 5. Summary of contemporary vegetation survey statistics. These include total stem density, mean stems per hectare (Stems ha-1) 
and mean number of stems per a) all-stems (shrubs and trees), b) saplings and c) seedlings for whole-site, tidal and non-tidal sites 
were calculated using the actual number of sample plots; whole-site = 33, tidal-site = 22, non-tidal-site = 11.  Mean species 
richness, Simpson 1-D indices (Evenness) and Shannon diversity indices (H') were calculated for each category without vine data.  
Differences in total plot number (N) between elevation classes reflect the number of plots not included in diversity calculations due 
to zero stem density. 
a. All-Stems per Site All-Stems per Elevation Class 
    Whole-site Tidal Non-tidal 
 Whole-site Tidal Non-tidal High Mid Low High Mid Low High Mid Low 
Total Stems 11,009 8,484 2,525 7,146 2,677 1,186 5,444 2,158 882 1,702 519 304 
Stems ha-1 11,120 12,855 7,652 7,218 2,704 1,198 8,248 3,270 1,336 5,158 1,573 921 
Mean stems 333.61 385.64 229.55 216.55 81.12 35.94 247.45 98.09 40.09 154.73 47.18 27.64 
Richness 14.82 15.86 12.73 12.61 7.87 3.36 13.59 8.52 3.32 10.64 6.50 3.44 
Evenness 0.73 0.74 0.72 0.68 0.65 0.32 0.68 0.66 0.32 0.68 0.64 0.30 
H' 1.78 1.81 1.72 1.61 1.39 0.60 1.62 1.42 0.60 1.58 1.30 0.59 
N 33 22 11 33 31 28 22 21 19 11 10 9 
N ha-1 0.99 0.66 0.33 0.99 0.93 0.84 0.66 0.63 0.57 0.33 0.30 0.27 
b. Saplings per Site Saplings per Elevation Class 
    Whole-site Tidal Non-tidal 
 Whole site Tidal Non-tidal High Mid Low High Mid Low High Mid Low 
Total Stems 2202 1888 314 1212 677 313 1074 599 215 138 78 98 
Stems ha-1 2293.75 2860.61 1046.67 1224.24 683.84 316.16 1627.27 907.58 325.76 418.18 236.36 296.97 
Mean stems 68.81 85.82 31.40 36.73 20.52 9.48 48.82 27.23 9.77 12.55 7.09 8.91 
Richness 5.78 6.27 4.70 3.84 3.73 1.57 4.45 3.81 1.56 2.50 3.56 1.57 
Evenness 0.56 0.59 0.50 0.43 0.48 0.11 0.45 0.47 0.10 0.40 0.52 0.12 
H' 1.11 1.17 0.96 0.80 0.90 0.18 0.87 0.87 0.17 0.65 0.96 0.19 
N 32 22 10 32 30 23 22 21 16 10 9 7 
N ha-1 0.96 0.66 0.30 0.96 0.90 0.69 0.66 0.63 0.48 0.30 0.27 0.21 
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Table 5. continued 
c. Seedlings per Site Seedlings per Elevation Class 
    Whole-Site Tidal Non-tidal 
 Whole-site Tidal Non-tidal High Mid Low High Mid Low High Mid Low 
Total 
stems 8199 6100 2099 5458 1884 857 3965 1483 652 1493 401 205 
Stems ha-1 8281.82 9242.42 6360.61 5513.13 1903.03 865.66 6007.58 2246.97 987.88 4524.24 1215.15 621.21 
Mean stems 248.45 277.27 190.82 165.39 57.09 25.97 180.23 67.41 29.64 135.73 36.45 18.64 
Richness 11.91 12.73 10.27 10.18 6.10 2.96 10.82 6.67 2.89 8.91 4.78 3.13 
Evenness 0.70 0.70 0.71 0.64 0.57 0.30 0.64 0.61 0.32 0.55 0.46 0.27 
H' 1.63 1.64 1.62 1.47 1.16 0.56 1.48 1.26 0.57 1.44 0.92 0.53 
N 33 22 11 33 30 27 22 21 18 11 9 8 
N ha-1 0.99 0.66 0.33 0.99 0.90 0.81 0.66 0.63 0.54 0.33 0.27 0.24 
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Table 6. Summary of correlation values. Correlations (below the horizontal line) and p-values (above the 
horizontal line) for tidal and non-tidal plots include the vegetation variables seedling density (SeedD), 
sapling density (SapD), total stem density (TSD), species richness (T-spp.) and the abiotic variables mean 
relative change in elevation (%∆E), gravimetric water content (%GWC), soil organic matter (%OM), pH, soil 
conductivity (Eh), soil carbon (%C) and nitrogen (%N).  Non-significant p-values (≥ 0.05) are shaded and the 
respective correlation values are underlined. 
  SeedD SapD TSD T-spp. %∆E %GWC %OM pH Eh %C %N 
TIDAL SeedD  0.0000 0.0000 0.0000 0.0000 0.0000 0.0000 0.0025 0.0000 0.0002 0.0000 
 SapD 0.81  0.0000 0.0000 0.0000 0.0000 0.0000 0.0106 0.0000 0.0001 0.0000 
 TSD 0.99 0.88  0.0000 0.0000 0.0000 0.0000 0.0010 0.0000 0.0001 0.0000 
 T-
spp. 0.84 0.79 0.86  0.0000 0.0000 0.0000 0.0049 0.0000 0.0000 0.0000 
 %∆E -0.56 -0.53 -0.59 -0.76  0.0000 0.0000 0.0570 0.0000 0.0000 0.0000 
 %H2O -0.61 -0.62 -0.65 -0.73 0.64  0.0000 0.0006 0.0000 0.0000 0.0000 
 %OM -0.59 -0.57 -0.62 -0.70 0.63 0.96  0.0026 0.0000 0.0000 0.0000 
 pH -0.37 -0.31 -0.39 -0.34 0.24 0.41 0.36  0.0002 0.0079 0.0012 
 Eh 0.58 0.61 0.63 0.77 -0.76 -0.73 -0.71 -0.45  0.0000 0.0000 
 %C -0.44 -0.46 -0.47 -0.60 0.53 0.83 0.84 0.32 -0.61  0.0000 
 %N -0.52 -0.53 -0.56 -0.67 0.60 0.89 0.89 0.39 -0.68 0.97  
 
            NONTIDAL SeedD  0.0017 0.0000 0.0000 0.0034 0.2674 0.7452 0.6632 0.0470 0.8098 0.6438 
 SapD 0.52  0.0002 0.0154 0.0613 0.3294 0.3812 0.3380 0.4294 0.4787 0.3835 
 TSD 0.99 0.61  0.0000 0.0041 0.1806 0.5786 0.7632 0.0396 0.9485 0.5403 
 T-
spp. 0.80 0.42 0.79  0.0004 0.0198 0.1071 0.0542 0.0002 0.6364 0.3156 
 %∆E -0.49 -0.33 -0.49 -0.58  0.1153 0.8117 0.4359 0.5018 0.3664 0.2534 
 %H2O -0.20 -0.18 -0.24 -0.40 0.28  0.0000 0.0255 0.0014 0.0000 0.0000 
 %OM -0.06 -0.16 -0.10 -0.29 0.04 0.88  0.0201 0.0120 0.0000 0.0000 
 pH -0.08 0.17 -0.05 -0.34 -0.14 0.39 0.40  0.0000 0.1602 0.1867 
 Eh 0.35 0.14 0.36 0.60 -0.12 -0.53 -0.43 -0.78  0.1736 0.1483 
 %C 0.04 -0.13 0.01 -0.09 0.16 0.85 0.80 0.25 -0.24  0.0000 
 %N -0.08 -0.16 -0.11 -0.18 0.20 0.88 0.82 0.24 -0.26 0.96  
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Table 7. Summary of multiple regression statistics. These include dependent variables (DV) species richness and total stem density in 
tidal and non-tidal sites, and only seedling and sapling density in tidal sites.  Independent variables (IV) include soil redox 
potential (mV), gravimetric water content (%GWC), mean percent-change in elevation (%∆E) and percent-soil organic matter (%OM).  
Statistics for multiple variables include sample size (N), adjusted-R2 value (adj-R2), F statistic (F) and p-value significance and y-
intercept value (Y-int.).  Statistics for individual IVs include correlation coefficient (b), R-square value (R2), standard error (SE) 
and p-value significance.  Abbreviation “N.S.” indicates an non-significant between DV and IVs. 
 Tidal Sites 
 
Non-tidal Sites 
DV 
  
Y-int. IV b R2 SE p-value 
   
Y-int. IV b R2 SE p-value 
Species N 66 9.26 mV 0.01 0.64 0.01 0.0381 
 
N 33 2.39 mV 0.01 0.64 0.01 0.0381 
richness adj-R2 0.70  %GWC -10.16 0.61 4.15 0.0172 
 
adj-R2 0.46  %GWC -10.16 0.61 4.15 0.0172 
 F 51.73 
 
%∆E -34.09 0.56 12.03 0.0062 
 
F 9.23  %∆E -34.09 0.56 12.03 0.0062 
 p-value <0.0001 
 
 
     
p-value 0.0002       
                  Total stem N 66 295.88 %GWC -721.10 0.41 173.94 0.0001 
 
N 33 167.22 %GWC -635.88 0.03 223.13 0.0078 
density adj-R2 0.43 
 
%OM 1429.30 0.3 693.43 0.0434 
 
adj-R2 0.16  %OM 2171.6 <0.01 809.05 0.0117 
 F 25.45 
 
 
     
F 4.12  
     
 p-value <0.0001 
 
 
     
p-value 0.0258  
                       Seedling N 66 198.11 %GWC -275.93 0.37 45.12 <0.0001 
 
N 
       density adj-R2 0.36 
 
 
     
adj-R2 
       
 F 37.41 
 
 
     
F 
       
 p-value <0.0001 
 
 
     
p-value N.S. 
                        Sapling N 66 56.92 %GWC -73.91 0.33 13.23 <0.0001 
 
N 
       density adj-R2 0.32 
       
adj-R2 
       
 F 31.21 
       
F 
       
 p-value <0.0001 
       
p-value N.S. 
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Appendix 2 
 
 
Table 8. Eleven-step diagnostic methodology for evaluating hardwood taxonomy by analyzing end-grain, cross-
sectional stump “cookie” sample characteristics.  Using the symbolic codes, a taxonomic identification code 
(TIC) was generated to compare to that of known species in order to identify the taxa of stump samples.  All 
samples were initially evaluated using Steps 1 – 4; then if ring-porous or semi-ring-porous, species were 
further examined using Steps 5, 6, 9, 10 and diffuse-porous species were examined using step 7-9, 11.  
Softwoods were not evaluated using the methodology; rather taxa were determined by comparing samples to a 
photograph database of known species. 1Steps indicate single use characteristics and 2Steps indicate multiple 
characteristics possible. 
 Diagnostic characteristic TIC 
1Step 1 Ring-porous R 
 Semi-ring-porous S 
 Diffuse-porous D 
1Step 2 Visible (≤10X) growth rings Y 
 Microscopic (>10X) growth rings N 
2Step 3 Uniseriate rays 1 
 Multiseriate rays 2 
1Step 4 Distinct uniseriate rays (<10X) E 
 Indistinct uniseriate rays (=10X) L 
 Microscopic uniseriate rays (>10X) M 
Earlywood Diagnostics  
1Step 5 Miniscule pores, single row, intermittently spaced 1 
 Small pores, 2 to 4 pores wide, adjacently arranged 2 
 Large pores, 1 – 2 pores wide, intermittently spaced 3 
 Large pores, 1 – 2 pores wide, adjacently arranged 4 
 Large pores, 2 – 4 pores wide, adjacently arranged 5a 
 Large pores, 2 – 4 pores wide, intermittently spaced 5b 
 Large pores, 3 – 8 pores in width 6 
1Step 6 Solitary pores S 
 Multiple pores M 
Latewood Diagnostics  
1Step 7 Width between uniseriate rays > average latewood pore width G 
 Width between uniseriate rays = average latewood pore width E 
 Width between uniseriate rays < average latewood pore width L 
1Step 8 Even distribution 1 
 Uneven distribution 2 
2Step 9 Solitary pores S 
 Multiple pores M 
 Chain pores C 
 Nested pores N 
 Wavy pores (ulmiform) W 
1Step 10 Continuous “lines” run parallel to growth rings connecting pores and uniseriate rays 3 
 Intermittent horizontal/wavy lines connecting latewood pores 4 
 Two previous characteristics are absent 5 
1Step 11 Growth rings are defined by a continuous “line” of pores P 
 Growth rings are definable bands of parenchyma cells L 
 Growth rings are neither comprised of pores or definable bands of parenchyma cells O 
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Table 9. Xylarium database of hardwood species. This includes common name, applicable taxonomic 
identification code (TIC) and notable characteristics for each species and specific instructions for 
analyzing certain species using the eleven-step diagnostic methodology. Only a photo-database was used to 
identify possible *softwood species. 
Wood Pore Type Common name TIC Notable characteristics/instructions 
RING-POROUS SPECIES   
Carya cordiformis Bitternut hickory RY1L5BSMSM3  
Carya glabra Pignut hickory RY1L3SMSM3 Y: growth rings are noticeable but not 'distinct' *SM: microscopic pores at end of latewood zone 
Carya ovata Shagbark hickory RY1L3SMS3 *SM: pores in latewood zone larger and predominately solitary compared to C. glabra 
Celtis occidentalis Hackberry RY1L2SNW Easily mistaken for an Ulmus spp. 
Fraxinus spp. Ash RY1L3SMSM4  
  RY1L3SMSM5  
  RY1L4SMSM4  
Fraxinus americana White ash RY1L5ASMSM4  
Fraxinus 
pennsylvanica Green ash RY1L5BSMSM5 *S: very small compared to earlywood pores 
Quercus alba White oak RY2M3SMSM *Y: microscopic growth rings; compare to database picture 
Quercus bicolor Swamp white oak RY2M5ASMSM *compare to database picture 
Quercus michauxii Swamp chestnut oak  *compare to database picture 
Quercus phellos Willow oak  *compare to database picture 
Quercus rubra Northern red oak  *compare to database picture 
Rhus typhina Sumac RY1M2SMSM *SM: band-like microscopic, continuous pores in outer latewood zone 
Robinia pseudoacacia Black locust RY1L5ASMSMN *SM: almost nest-like 
Sassafras albidum Sassafras RY1M6SMSM  
Ulmus alata Winged elm RY1L1SMMW  
Ulmus americana American elm RY1L4SMMW  
Ulmus rubra Slippery elm RY1L5ASMMW  
DIFFUSE-POROUS SPECIES   
Acer negundo Boxelder DY1LG1SMO *Y: faint growth rings 
Acer rubrum Red maple DY1LG1SML *SM: pores are extremely small 
Acer saccharinum Silver maple DY1MG1SP  
Betula nigra River birch DN1ML1SMO *1: rays extremely indistinct 
Carpinus caroliniana American hornbeam DN1LE2SMCO bands of parenchyma in late growth 
Cornus florida Flowering dogwood DY2LG1SP *1: some rays appear thicker than others 
Fagus grandifolia American beech DN2EG1SMO *2: compare to database picture 
Ilex opaca American holly DN1LG2SMP  
Liquidambar 
styraciflua Sweetgum DY1MG1SMO *Y: growth rings barely visible at X10 
Liriodendron 
tulipifera Tuliptree DY1LG2SML 
*1: sometimes fewer pores in earlywood than 
latewood 
Nyssa sylvatica Blackgum DY1LG1SMCO *SMC: very small pores 
Ostrya virginiana Hophornbeam DY1ME1SMCO  
Platanus 
occidentalis Sycamore DY2EG2SMO *2: compare to database picture  
Populus deltoides Eastern cottonwood DY1LL2SMO *2: decrease in pore numbers nearing the end of latewood zone 
Prunus serotina Black cherry DN1LG1SMCNO *SMC: very small pores 
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Table 9. continued    
Wood Pore Type Common name TIC Notable characteristics/instructions 
SEMI-RING-POROUS SPECIES   
Carya aquatica Water hickory SY1L5BSMMSO *MS: multiples > solitary in LW 
Diospyros virginiana Persimmon SN1M3MSMSO *Y: growth rings faint; *compare to database picture 
Juglans cinerea Butternut SY1M3SMSML *Y: growth rings faint; *compare to database picture 
Juglans nigra Black walnut SY1L3SMSMO *Y: growth rings faint; *compare to database picture 
Quercus virginiana Live oak SN1M5SSML *also compared to photo-database 
*SOFTWOOD SPECIES   
Juniperus virginiana Eastern red cedar   
Pinus serotina Pond pine   
Pinus taeda Loblolly pine   
Pinus virginiana Virginia pine   
Taxodium distichum Bald cypress   
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Table 10. Historical woody vegetation species list. This 
includes species, common name, wetland indicator status (WIS), 
total density (D), relative density (RD) and mean age of tree 
species (𝑋� age) determined from stump samples (n = 413) 
collected in Kimages Creek wetland between March 2013 and April 
2014.  Mean ages denoted by “n/a” indicate samples were not 
age-estimable. 
Species Common name WIS D RD 𝑿� age 
Acer negundo Boxelder FAC 3 0.01 38.0 
Acer rubrum Red maple FAC 3 0.01 44.0 
Acer saccharinum Silver maple FAC 3 0.01 31.5 
Carya 
cordiformis 
Bitternut 
hickory FAC 1 <0.01 39.0 
Carya glabra Pignut hickory FACU 7 0.03 44.1 
Cornus florida Flowering dogwood FACU 3 0.01 25.0 
Fraxinus 
americana White ash FACU 11 0.04 37.8 
Fraxinus 
pennsylvanica Green ash FACW 8 0.03 30.0 
Fraxinus spp. Ash FACW 183 0.71 29.1 
Juniperus 
virginiana 
Eastern 
redcedar FACU 7 0.03 56.3 
Liquidambar 
styraciflua Sweetgum FAC 11 0.04 44.0 
Liriodendron 
tulipifera Tulip poplar FACU 2 0.01 31.0 
Nyssa sylvatica Blackgum FAC 3 0.01 n/a 
Pinus taeda Loblolly pine FAC 7 0.03 n/a 
Robinia 
pseudoacacia Black locust FACU 1 <0.01 n/a 
Salix nigra Black willow OBL 5 0.02 25.0 
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